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ABSTRACT 


Details of a proposed Tee-shaped radio telescope array are 
presented, with particular emphasis placed on the demands of accuracy 
and versatility which are made concerning the array feeder system. The 
feeder systems of existing arrays are examined, and their advantages 
and shortcomings are pointed out. A general survey of feeder techniques 
follows, including a thorough examination of signal transmission 
methods and their effects on system noise temperature and errors in 
array excitation. Methods of reducing the number of transmission lines 
by the use of multiplexing are considered, and a frequency-division 
multiplexing scheme is shown to be the most practicable. An assessment 
of excitation errors is made, together with discussions concerning 
various means by which these errors can be reduced and maintained at a 
low level. The errors are also studied from the standpoint of their 
effect on the sidelobe levels of the Tee array radiation pattern. It is 
concluded that an automatic compensation system for maintenance of 
excitation accuracy should be included in the feeder system design. 
Preliminary details on the implementation of such a system are given; 


compensation for time delay errors is also considered briefly. 
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CHAPTER 1 


INTRODUCTION AND PRELIMINARY DESIGN DETAILS 


hele introduction 


The design of the large Tee-shaped radio telescope array 
proposed for a site in southwestern Alberta [1] represents a number 
of challenging engineering problems. In particular, the large physical 
dimensions of the array, and the intention of achieving very low 
sidelobe levels while maintaining a high degree of flexibility in 
signal processing, make rather severe demands of the array feeder 
system. Although the results of this thesis will be specifically 
related to the proposed Tee configuration, it is intended that they be 
sufficiently general to be applied to other arrays of a similar nature. 

This chapter begins with a description of the array and some of 
its attributes. A number of existing arrays are then examined to aid 
in the evaluation of the various options involved in the design of the 


feeder system. 
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1.2 Basic Configuration 


The proposed array, depicted in Fig. 1.1, is an arrangement of 
half-wave dipole elements in the form of a Tee measuring two hundred 
wavelengths east-west and one hundred wavelengths north-south. The 
corresponding widths are two wavelengths and five wavelengths, 
respectively. At the nominal center frequency of 12.36 MHz, the 
resulting dimensions are approximately 48.5 meters by 4854 meters 
east-west and 121 meters by 2427 meters north-south. The dipoles 
filling this area are polarized east-west, with 0.625A center-to- 
center spacing in this direction and 0.5 spacing north-south. The 
total number of dipoles required is then 2848, of which 1248 are in 
the east-west array, 1568 are in the north-south array, and 32 are in 
the region where the two arrays overlap. A scheme is currently under 
investigation by which the total number of elements could be reduced 
to about 2000 through physical tapering, which is the modification of 
array response by the removal of certain elements. However, it is not 
certain that such a scheme will be adopted, since its performance is 
inferior in some respects (such as sidelobe levels) to the full Tee 
array. 

In any case, rather severe grading of the array aperture is 
necessary to reduce the sidelobe responses, and this will require some 
electrical tapering regardless of whether physical tapering is used. 
The grading function planned for at present is the truncated Gaussian 
type, with reduction of the voltage weighting at the extreme ends of the 
arrays to about 6% of the weighting at the center of the Tee. No 


tapering across the small dimensions of the array is planned. The 
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overall design of the radio telescope will be such that changes in the 
grading functions can be made without major difficulties. 

The dipole elements will likely be of folded-dipole type of 
construction, supported by wooden poles at a distance of 0.125 above a 
plane reflecting screen (A=24.2 meters in this and the preceding 


specifications). 
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1.3. Specifications and Performance Objectives 


Specifications of the Tee array which affect the design of the 
feeder system will be introduced in this section. In most cases, the 
astronomical considerations leading to these specifications will be 
omitted or described only briefly; these topics have been dealt with 


in greater detail elsewhere [1],[2]. 


1.3.1 System Bandwidth 

From the standpoint of sensitivity (defined in Sec. 2.3.1), it 
is desirable to have as large a system bandwidth as possible; the 
bandwidth, however, is subject to a number of constraints. The most 
serious of these is. terrestrial interference. At the relatively low 
frequencies involved here, ionospheric ''skip'' propagation is a very 
common occurence. The degree of interference is dependent on diurnal 
and seasonal variations in the ionosphere, the eleven-year sunspot 
cycle, solar disturbances, and numerous other factors. Although 
conditions which are favorable for astronomical observations tend to 
be unfavorable for terrestrial propagation, some interference near the 
center frequency is likely to be encountered in most instances. The 
original survey [1] which was undertaken to choose the frequency of 
operation disclosed that the useable bandwidths ranged from 10 to 100 
KHz. The nominal center frequency of 12.36 MHz falls in a segment of 
the spectrum allocated to maritime ship-to-shore telephony, whose 
occupancy and power levels are generally lower than those of adjacent 
bands. The unpredictable nature of the interference makes necessary 


some provision for varying the system bandwidth. 
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Other factors which impose limitations on the bandwidth include 
the narrowband properties of the dipole elements, and decorrelation 
losses due to the differences in arrival times of the incident 
wavefronts at different elements. These factors are, in general, less 
restrictive than the interference problem; decorrelation losses, for 
example, can be minimized by delay compensation (Sec. 5.3). When needed 
in the analysis of the feeder system, the system bandwidth will be 
assumed to be a maximum of 100 KHz, but with allowance being made for 


possible extension to about 200 KHz when conditions warrant. 


berSte2 Array Pattern and Sidelobe Levels 


The basic objective of the Tee array is to form a penci|-beam 
response by suitable phasing of the elements and cross-correlation of 
the outputs of the two component arrays. The beam will have a half- 
power beamwidth of about 30 arcmin and will be steerable in declination 
from 15°S to 90°N, which corresponds to zenith angles of 67° and 38° 
south and north of the zenith respectively. Although most large arrays 
of this or similar types are meridian transit instruments (i.e., they 
are not steerable in right ascension except by the earth's rotation), 
such steering is highly desirable for maximum flexibility, particularly 
when viewing times are severely limited by the ionosphere as they are 
in this case. Therefore present plans include the provision for steering 
the beam about 30° east or west of the zenith. The benefits of such a 
provision include increased sky coverage during favorable operating 
periods, the ability to form a number of beams simultaneously in right 
ascension, and the possibility of tracking sources for considerable 


periods of time. 
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The sensitivity to point sources, or that flux density which wil 
result in a signal-to-noise ratio which is the minimum acceptable for 
reliable measurements, is limited by system noise (Sec. 2.3.1), 
confusion noise from unwanted sources in the mainbeam, and confusion 
noise from sources in the sidelobes. If possible, one would like to 
have the sidelobe levels sufficiently low that sidelobe confusion is 
not a significant factor in limiting the sensitivity. Such a criterion 
leads to the specification of a maximum r.m.s. value for the normalized 
power pattern excluding the mainbeam. Preliminary work in this area by 
Goddard [2] indicates that the necessary r.m.s. sidelobe level is of the 
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In addition to point source observations, it is intended that 
the array be useful for measurement of the brightness distribution of 
sources whose angular extents are greater than that of the mainbeam. An 
example of such a source is the background radiation originating in the 
interstellar plasma of our galaxy. The extended nature of these sources 
imposes a more severe constraint on the r.m.s. sidelobe level than does 
the point source E eit einem men aitoned above. For instance, to provide 
3000°K contours on the background brightness temperature distribution 
(an order of magnitude improvement over previous measurements near this 
wavelength) would call for an r.m.s. sidelobe level estimated at [2] 
about 2 x 10> (-47 dB). 

The power pattern of the Tee array away from the mainbeam has 
rather prominent sidelobes in the array planes and relatively low levels 
elsewhere (Sec. 5.2). Determination of the r.m.s. sidelobe level entails 
numerical integration over the power pattern for the particular Tee 


configuration being studied. This level is affected by the array 
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grading, excitation errors, and the degree of element grouping into 
subarrays. Detailed examination of antenna patterns is not within the 
scope of this thesis; it is hoped, however, that the material developed, 
particularly in the realm of excitation errors, will aid in future 


studies of the field pattern of the Tee array. 


Im de3 sExXci tation Errors 

Any deviations in phase or amplitude from the ideal voltage 
distribution in the array elements will, in general, result in higher 
sidelobe levels than for the no-error case. This will be accompanied by 
a reduction in gain and a beam pointing error, but these effects are 
usually of little concern if the errors are small. The errors are random 
in most instances and thus must be dealt with by statistical means. 

The usefulness of this radio telescope design depends in large 
measure on the degree to which the excitation errors can be minimized. 
This subject will figure prominently in the following chapters, and 
relationships between errors and sidelobe levels will] be examined in 
Sec. 5.2. It will be shown at that time that r.m.s. excitation errors 
no greater than about 1° in phase and 2% in amplitude are necessary for 
adequate sidelobe performance. Other workers (see [3], for example) have 


reported similar figures. 


1.3.4 Multibeaming 


A radio telescope operating at decametric wavelengths which 
formed only a single beam would be of very limited usefulness. Since 
observation time at these wavelengths is restricted, a number of beams 


are needed to obtain increased sky coverage during the opportune 
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periods. In addition, changes in the apparent location of a point 
source may occur due to ionospheric refraction; the magnitude of the 
change is time-dependent and may be of the same order of magnitude as 
the beamwidth of the proposed Tee array. Obtaining useful results from 
survey work in the presence of such refraction calls for the formation 
of several overlapping beams in declination. 

There are also compelling reasons for multiple beaming in right 
ascension. Aside from increased sky coverage, this would offer a solution 
to the problem of scintillation, which refers to apparent flux density 
variations in a point source caused by distortion of the incident 
wavefronts as they encounter irregularities in the ionosphere. Multiple 
beams in right ascension would allow the observation of several 
successive transits of the source, some of which are likely to be 
relatively free of scintillation effects. In many cases, the results of 
the separate transits could be averaged, providing an increase in 
sensitivity. Unlike the beams in declination, these beams would be 
separated by several beamwidths in order to fulfill these objectives. 

A further advantage of a large number of simultaneous beams is 
that well known sources will be encountered more often, which is very 
helpful for position determinations. The requirements described thus 
far together with other pertinent considerations have led to a proposal 
for a matrix of 160 simultaneous beams, comprised of 32 in declination 
and 5 in right ascension. Although the signal processing circuitry for 
this number of beams is highly complex, it can be approached in a 
gradual fashion, beginning with a small number in the initial phase of 
array development and adding more at a later date. 


In addition to the main matrix of beams, it would be advantageous 
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to have provision for the formation of a few additional beams. One 
instance where such beams might be used is in the monitoring of 
ionospheric absorption, which could be accomplished by the simultaneous 
use of a section of the array to form several broad beams, one of which 
would be permanently aimed at the north celestial] pole as a reference. 
The absorption data provided by measurements with these beams would 
help to improve the accuracy of flux density measurements made with the 
high resolution beams. 

Another possibility for increasing the flexibility of the array 
is the incorporation of signal processing which would allow a cluster 
of beams to track a source for a considerable period of time. This type 
of processing, of which phased array radar is an example, would be very 
complex for a large array and would not likely be included in the 
initial installation. It is mentioned here to illustrate the need for 
emphasis on versatility in the design of the feeder system so that more 
sophisticated signal processing systems can be added in later stages of 
array operation. 

Various techniques of multiple beam formation will be examined 
in the survey of arrays in Sec. 1.4. All of the beam-forming techniques 
can be divided into two categories: simultaneous and time-sharing. 
Time-sharing systems contain phase shifters which can be rapidly 
switched in value to steer the beam to a new direction, and the total 
observation time is divided equally amongst all of the beam positions. 
Aside from technical problems involving the switching, the basic 
objection to this approach lies in the inherent reduction in sensitivity 
which results from sharing the available integration time amongst all of 


the beams. The reduction factor is the square root of the number of 
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beams used [4]. Time-sharing systems are also less flexible than 

simultaneous systems, in that they do not facilitate making changes such 
as the addition of more beams. For these reasons, a simultaneous system 
of multiple beam formation is considered essential for the proposed Tee 


array. 


1.3.5  Subarray Size 


To form the maximum number of simultaneous beams possible, it 
would be necessary to have available at the beam-forming network the 


output of each individual element in the array. For a lesser number of 


beams this is not necessarily the case, making it possible to combine the 


outputs of groups of adjacent elements before the beam forming takes 
place. This would simplify the problem of signal transmission if the 
combining takes place at the elements. 

Grouping of elements into subarrays results in modifications to 
the array field pattern, the extent of the modifications being dependent 
on the number of beams and the subarray ee To illustrate this, we 
shall consider a linear array of N isotropic sources with uniform 
spacing d (wavelengths). With uniform aperture illumination and 
excitation without phase gradients, the one-dimensional normalized field 


pattern may be expressed as 


sin NU (1.1) 


wa = N sin U 


where U = md sin 8 


) angle with respect to the broadside direction. 


If we introduce additional beams with directions e+, the field pattern 
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for these beams is given by 


Sinan Usama 
[AC ie (1R2) 
Nisam Ua U.) 
where U = 1d sin O.- 

Now let the array be grouped into subarrays of n elements, so 
that an individual subarray remains phased in the broadside direction 
irrespective of the beam-forming circuitry. The response is now given 
by the product of two terms, one of which is the subarray response, and 
the other the response of the ''array of subarrays'' phased in the 
direction 6. . The first term is given simply by equation (1.1) with N 
replaced by n. The second term is similar to that of equation (1.2), but 
with the number of elements N reduced to N/n (the number of subarrays), 
and the spacing d increased to nd. Making these substitutions, we get: 
sin nU sin [Ntd(sin @ - sin 6.) ] 


f. (U) = ———— *° 
nsin U (N/n) sin [ntd(sin 0 - sin 6.) ] 


sin nU sin N(U - U.) 


Nosinal «5S iimeniUe— U.) 


sin (U - U.) sin nu 


Sry Umer (Glies) 


! sin n(U - U.) sin U 


We see that the response with no subarrays F. (U) is now modified by a 
factor which is a function of 6, 6.5 and n. As one would expect, the 
broadside beam (U. = 0) is not affected, but all other beams suffer 
some change in pattern. The change generally manifests itself as a 
decrease in mainbeam response and an increase in sidelobe levels. As a 


consequence, there is a tradeoff between subarray size and the number 


(8-1) 
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of beams which can meet the sidelobe level criteria. 

In the Tee array the picture is of course much more complex. One 
must now take into account the planar nature of the array and its two- 
dimensional field pattern, the response of the individual elements, the 
grading of the aperture, steering of the beam cluster off the broadside, 
and so forth. Studies of the effects on the performance of the east-west 
array due to grouping of elements into various sizes of subarrays have 
been carried out by D.A. Wynne [5] for the case of five beams with 1.8° 
angular separation. His calculations oe oa that some east-west 
grouping may be feasible, but the sidelobe levels rise rather quickly as 
the subarray size increases. For example, subarrays of four elements 
result in an r.m.s. sidelobe level for the outer of the five beams of 
about one order of magnitude greater than for the central one. Because 
of the large number of beams desired in declination, no north-south 
grouping of elements is contemplated. 

The decision concerning subarray size awaits further study of 
the antenna pattern of the Tee configuration and analysis of the 
tradeoffs involved. The subarray size will therefore be considered to 
be a variable for the present. It should be noted, however, that the 
introduction of subarrays would involve certain complications. 

Provision must be made for steering the subarray response, which means 
that phase shifters must be installed in the feeder system. For an 
N-element array with subarray size n, the minimum number of phase 
shifters required is N(1 - 1I/n) if the array is to be fully steerable. 
This follows from the fact that there are N/n subarrays, each of which 
require (n - 1) phase shifters to steer the subarray response. The 


overall response is then steered by additional phase shifters at the 
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observatory. In practice, each phase shifter usually takes the form of 
remote-controlled multi-position switches which insert various lengths 
of cable into the appropriate sections of the feeder system. 

The merits and drawbacks of introducing subarrays can be 


Summarized as follows: 


Advantages: 

(1) Simplification of signal transmission; less cable and/or 
multiplexing is needed. 

(2) Less complex beam formation; i.e., the number of inputs to 
the beam-forming matrix is reduced by the factor n. 


(3) Probable lower cost. 


Disadvantages: 

(1) The need for remote-controlled phase shifters and their 
adjustment and maintenance in a rather hostile environment. 

(2) Higher sidelobe levels, especially for the outermost beams, 
in a simultaneous beam-forming system. 

(3) Some loss in flexibility; for example, the ability of the 
array to form simultaneous beams differing by more than a 


few beamwidths in right ascension would be compromised. 
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1.4: A Survey of Large Phased-Array Radio Telescopes 


1.4.1 Characteristics of Selected Installations 

In this section we shall examine some of the existing radio 
telescopes in the world, with particular emphasis on feeder design and 
signal transmission techniques. For convenience, some of the basic 
characteristics of these installations are summarized in Table 1.1. 
Since we are most concerned here with technical rather than astronomical 
parameters, such details as sensitivity, beamwidth, and collecting area 
have been omitted from the table. Not all of the arrays considered are 
of the Tee type of construction, nor are they all decametric; the common 
factors are large physical size and beam steering by electronic means 
(in addition to mechanical steering, in some cases). Some instruments 
have not been included because they are relatively obsolete designs; 
others are absent because their configuration and transmission problems 
differ markedly from the proposed array. Some of the radio telescopes 
omitted from the table will be described briefly in Sec. 1.4.2. 

The following notes will clarify some of the entries in the 

table: 

(1) ''Date'' refers to the year in which the array went into full 
operation. 

(2) The arrangement of the elements can be deduced from the 
figures in parentheses under ''number of elements''; if none 
are given, the array has one-element width. 

(3) For the arrays whose center frequency can be varied over a 
wide range, the element spacing is given in meters rather 


than wavelengths. 
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(4) With regard to the feeder systems, the ''number'' of feeders 
is essentially the number of array outputs independently 
returned to the receiver site. The ''number of preamps'' 
refers only to preamplifiers located near the array elements 
(i.e., outside the observatory building). For our purposes, 
"subarray size'' will be defined as follows: in an equal- 
length type of feeder (see Sec. 2.1), it is the number of 
elements whose outputs are combined before transmission to 
the observatory; in a branching system, it is the number of 
elements whose outputs are combined before joining the 
binary branching network. Identifying the subarray size is 
more important in the equal-length case, since it affects 
the formation of multiple beams by simultaneous beam-forming 
techniques, whereas branching feeders are limited to time- 
sharing techniques which are limited by factors other than 
subarray size. In any case, the size given in the table 
refers to the subarray unit as it appears in the north-south 
array; in most cases, this is the only component array which 


can be electrically scanned away from the zenith. 
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1.4.2 Other Radio Telescope Arrays 


(a) The Early Mills Crosses 


These instruments [21],[22] were among the first to conduct 
surveys of radio sources at metric and decametric wavelengths. 
Consisting of dipole elements coupled to a single coaxial feeder 
running the length of each arm, they were used in meridian transit mode 
with phasing in declination done by manual adjustment of the coupling 
points in the north-south array. Changing declination required about an 
hour for one man, although five adjacent declinations could be scanned 
using a time-sharing technique. In short, the design of these arrays 
was well suited to the initial systematic surveys for which they were 


intended, but lacked the flexibility needed to perform other tasks. 


(b) The ''Moving Tee'' Aperture Synthesis Instruments 


This type of radio telescope construction arose out of the 
realization that the Fourier components of the radio brightness 
distribution could be measured separately by sequentially providing 
each of the necessary antenna spacings. In the ''Moving Tee'' instruments 
[23],[24] (center frequencies of 38 MHz and 178 MHz), this took the form 
of a fixed east-west array similar to that of a conventional filled- 
aperture Tee, plus a smaller antenna movable along the north-south 
baseline. We shall consider here only the larger of the two ''Moving Tee'' 
arrays built, the 38 MHz array at the Mullard Observatory. 

Both the fixed and movable sections of the array consisted of 
corner reflectors with a full-wave dipole feed. The east-west array, 


1000 meters in length, used a branched feeder system with matching 


Joubnop of 2271 sr14 enon at yey e 

. | -edigne|ovsw atrieamsoab pace ts ssonuoe olbey Yo eyovwe 

; vshes? Islxso> steni2 & of bal ques saat slogib b pntselanoa 

sbom theners nsiblvem ni bee pvew Quit? nis dose to lagna! ods cont | ‘ 

pal tquos eds Te snmyauiibe: feyns Yd! snob not ant Fay Wi enizerg Ati 

ne Juods beviuper holisaltsob enienedd SING diuoe=itz10n sx ni 2aniog f 

“'batinsse 9d blues enoitenifssb dasae[be svT? rpuods ts yo ano sdhisaigh : - 

avers s28ni Jo nplesb sda , tone nh .suptoross pn iterte~ombs 6 anlew -<_ 

ayew ver) doldw vot eyevive sitemezeve fetaint odd * betiue (Tow ew 

. 20a6t jaro miotiag oF bsbssn Yili idixelt oft ‘eile tud sai : : 

aan 

. aft Yo tuo S206 rot soungenas jae olbss Yo eqyd einT ‘ | 

| | senate olbet ary to zinsnoqmes vsiywol sz tert noisesitesy 

pnibiverqg vilsiineupae yd yisieisgee betuessin st biwoo rotavatnant 

atnamuiieni "est eninge” ons nl .eenizege sanpans yiezesoan ari: Ne one 

= mio? ert dood zis sth BX! bows. stm BE Yo estaqauper? : 163099) (shes) - 

iy cba 11% tenatsnoveco 6 Yo seitd63 van ne er deo etm | 2 

~ dauae-d3x0n acts profs st ep oti vollemz 5 eufg sot me ke 
rene ” edz Yo yaetsl odd vlna snsd seme 

pears reer ryt 

| x eat ha | 


Fama, 2 i tT 
ew ote . ve | [ter a 
J sm Ene eed 
a ee j ins i baled 


3 


transformers at each junction; these transformers also determined the 
array grading, which was Gaussian. The feeder system was constructed 
with open-wire line, which was found to be highly susceptible to 
moisture effects in that the velocity of propagation decreased 
significantly when the line became wet. This in turn caused increased 
phase and amplitude errors in the array excitation, particularly when 
the wetting was uneven. This effect was termed ''the most serious 
practical difficulty'' experienced with this array [23]. 

Aperture synthesis arrays of this type are, in general, unsuited 
for use at decametric wavelengths because they do not make efficient 
use of the limited observing time available. Also, they are of no use 


in the observation of transitory phenomena such as lunar occultations. 


(c) The Culgoora Radioheliograph 


The Culgoora array [25] is a rather specialized instrument which 
has been in operation since 1967. It consists of 96 steerable 
paraboloid antennas uniformly spaced around a circle of 3 km diameter, 
and it is specifically designed for making solar observations at 80 MHz 
over a bandwidth of 1 MHz. 

Each antenna output is preamplified (26 dB gain) and transmitted 
by 1.5 km of open-wire line to the observatory located at center of the 
array. Here the 96 signals are down-converted to 7 MHz, at which 
frequency further processing such as time delay compensation is 
performed. Forty-eight simultaneous beams are formed in the beam-forming 
network, and the outputs of the 48 detectors are integrated and 
digitized for processing by computer. 


One noteworthy aspect of the array is the rejection of coaxial 
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cable in favor of open-wire line in the feeder system, primarily due to 
the low attenuation (5 dB/km) of the latter compared with coaxial lines 
of similar cost. The circular configuration of the array and the 

moderate climatic conditions at the site mitigate to a large extent the 
deficiencies in the open-wire approach, such as poor shielding 

efficiency and the effects of moisture on propagation delay. In addition, 
the bounds on permissible r.m.s. excitation errors (18° in phase, 30% in 


amplitude) are much larger than those needed in the Tee array. 


1.5 Summary of Available Options 


The remainder of this chapter summarizes some of the technical 
details of existing radio telescopes. In some cases, immediate 
conclusions can be arrived at regarding the design of the proposed Tee 
array, but most of these topics will be examined in greater detail in 


the succeeding chapters. 


Worley Receiver iy pe 


All of the instruments surveyed in Sec. 1.4 were found to have 
single-sideband receiver systems. Nevertheless, the alternative system 
of a double-sideband receiver may offer certain advantages. A more 
thorough discussion of this topic is postponed until the next chapter 
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"582 System Bandwidth 


The bandwidth figures in Table 1.1 clearly illustrate the need 
for relatively narrowband systems in decametric instruments. The 
bandwidths used at frequencies less than 30 MHz range from as little as 
3 KHz up to 800 KHz, the latter being used only on an intermittent basis 
at a comparatively high frequency (26.3 MHz). Some of the instruments 
include provision for varying the bandwidth, which appears to be a 
valuable feature. 

Even observations using very small bandwidths at low frequencies 
are often hampered by sporadic terrestrial interference, and a few 
techniques have been developed to combat this problem. One such 
technique is to split the signal into a number of narrow bandpass 
channels and select only those which are free of interference. This 
approach was used in the 19.7 MHz Mills Cross telescope near Sydney [22], 
in which the nominal 100 KHz bandwidth was divided into one fixed 
channel with 8.5 KHz bandwidth and four channels with 4.5 KHz bandwidth 
and variable center frequencies. This type of signal processing would 
become highly complex in a situation where large numbers of array 
outputs were returned to the observatory and filtered independently. A 
second drawback to the technique is that the interference must be 
monitored aurally by an operator, who then makes the appropriate 
adjustments; thus it is unsuitable for automatic operation and is 
restricted to those frequencies where the interference is relatively 
constant in terms of channel usage, such as commercial broadcasting. 

A different method of interference reduction was used in Tasmania 
for observations at 10.02 MHz [26],[27]. This frequency is contained in 


a band allocated to aeronautical mobile stations, and thus it is subject 
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to highly intermittent usage. To cope with the interference, the system 
bandwidth was made small (2.1 KHz), and the center frequency was 
continuously swept across a 10 KHz band at a rate of five times per 
second. This caused interfering signals to appear as periodic impulses 
in the passband, so that they could be easily discerned from the cosmic 
noise and rejected by suitable ''noise blanker'' circuitry [28]. This 
method allowed unattended observations, but the small system bandwidth 
required made the sensitivity quite poor, and some difficulties were 
experienced when ionospheric scintillation was encountered. 

Due to their obvious shortcomings, interference-reduction 
techniques such as those just described are not being planned for the 
new array. In any case, the need for such measures cannot be fully 
appreciated until some experience is had in making observations with 


the array. 


lmpw Sa Feeders systems 


There are two distinct types of feeder system used in the arrays 
described in Table 1.1]. One is the binary branching or ''Christmas tree'' 
arrangement in which a large number of element outputs, often including 
all of the elements in a component array, are joined to produce a single 
output. A consequence of using this type of system is that beam steering 
and multiple beam formation must be done within the feeder system by 
providing variable phase shifters at the elements or, more commonly, at 
the junctions of the branches. Multiple beam operation is limited to 
time-sharing techniques in which some of the phase shifters are rapidly 
switched to different values. Branched feeders are often used in arrays 


which are permanently aimed at the zenith, as in the east-west arrays of 
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meridian transit instruments, a category which includes all of the 
radio telescopes in Table 1.1 except the ''Teepee Tee'' and UTR-1. The 
Penticton arrays provide a separate branching network for feeding each 
row of elements in the east-west array, allowing steering of its north- 
south response to improve the overall response of the antenna in 
declination. 

A second major type of feeder consists of a number of independent 
feedlines of equal length. Depending on the extent to which element 
outputs remain separate in the feeder system, this will allow some or 
all of the array steering to be done at the observatory , together with 
the simultaneous formation of a large number of beams. This flexible 
but more costly system is, for obvious reasons, more often used for 
north-south arrays. The equal-length system also lends itself to easier 
measurement of excitation errors, so that it is sometimes used even in 
the east-west arrays of meridian transit instruments (e.g., the Lebedev 
and Molonglo Crosses). 

A third method, little used today, consists of a single feedline 
along the length of each arm of the array, with the elements lightly 
coupled at appropriate intervals. Its simplicity and minimal cable 
requirements made it a reasonable choice for some of the early 
experimental arrays [21],[22], but it has a number of disadvantages 
which limit its flexibility and excitation accuracy. All three methods 


of feeder design will be discussed further in Sec. 2.1. 


1.5.4 Signal Transmission Techniques 


Almost invariably, the output signals of low frequency arrays are 


transmitted to the observatory without frequency conversion, usually via 
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coaxial cables. Down-conversion to an intermediate frequency (IF) is 

not generally felt to be necessary provided that the feedline losses can 
be kept within reasonable limits. Whether this is the case or not is 
largely determined by the size of the array and the cost of cable having 
suitably low losses. In some cases, preamplifiers are used to overcome 
the losses, permitting the use of less expensive cable. Open-wire line, 
despite having low losses, is seldom used for the main feedlines due to 
the problems of low shielding efficiency and phase stability mentioned 


previously. Because its construction facilitates coupling adjustments, 


however, it is often used to couple individual elements within subarrays. 


lo5se5eaiControl torsPhase®tErrors 

Phase errors in array excitation caused by imperfections in the 
feeder system are a serious problem in large arrays. Few of the papers 
cited in Table 1.1 give detailed data on this subject, but it is 
apparent that shortcomings in feeder system design and construction 
have led to unpleasantly high sidelobe levels in some cases. Among the 
methods available for the reduction of phase errors are down-conversion 
(1F return), cable burial, and the use of special phase-stable coaxial 
lines. Down-conversion, such as used in the Molonglo Cross, improves the 
phase stability since the phase shift introduced by a given length of 
line is proportional to the frequency of transmission. However, this 
technique is complicated by the fact that a distribution system must be 
provided which ensures that the local oscillator signals at all of the 
remote mixers are in phase. 

The most common approach to phase stability is the employment of 


more stable transmission lines and/or insulation of them from changes in 
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their environment. Burial of cables, where feasible, can provide an 
essentially constant thermal environment and thus eliminate short-term 
phase variations to a large extent. Even in such circumstances, however, 
significant long-term variations (of the order of weeks or months) may 
appear, necessitating regular readjustment of the lines. Such variations 
have been reported by Ilyasov [18], whose conjecture is that they are 
primarily the result of changes in the parameters of inhomogeneities in 
the regions where coaxial connectors were installed. Most types of 
coaxial cable are not suitable for direct burial and must be enclosed in 
some type of conduit if used in this manner. Cables designed specifically 
for direct burial are very expensive. 

Specially designed phase-stable coaxial lines are also expensive, 
but they may be used in applications where the total amount of cable 
needed is quite small, as in a branched feeder system. In some instances, 
this kind of cable has been combined with regular cable to increase the 
overall phase stability of the feeder (e.g., the Penticton 22 MHz array). 
Cable using foamed polyethylene dielectric is sometimes favored since it 
offers lower attenuation and improved phase stability over its solid 


dielectric counterpart for a modest increase in cost. 


1.5.6 Subarrays 


All of the instruments surveyed utilize some type of grouping of 
elements into subarrays. Consequently, all of them, with one exception, 
perform at least part of their beam steering by the use of phase shifters 
in the feeder system. Among the types of phase shifters employed are 
variable-length transmission lines using switching arrangements (Lebedev 


Cross, Penticton 22 MHz), continuously variable helical directional 
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couplers (Molonglo Cross), and automatic feed point adjustment by 
remote-controlled diode switches (Teepee Tee). The sole exception is 
the Penticton 10 MHz instrument, which provides a separate return cable 
for each east-west row of elements throughout the array. Since it is 
operated in meridian transit mode, no phase shifters are needed for 
east-west steering. 

The overriding consideration in the determination of subarray 
size in existing arrays has likely been the cost of transmission. lines 
in some cases; in other, less ambitious, instruments, little would be 
gained from reduction of subarray size. In particular, meridian transit 
arrays do not suffer in performance from east-west grouping of elements, 
and those with single beams or time-shared multiple beams would not 
benefit from smaller north-south groups. The instruments most likely to 
benefit from smaller subarrays would be those forming simultaneous 
beams in the plane along which elements are grouped. The Molonglo Cross 
and the Teepee Tee fall into this category. In the former, the subarrays 
are 0.6% of re total length of either component array, and in the 
latter, they are 3.1% of the east-west array length. If calculations or 
measurements of sidelobe levels for the various beams have been carried 
out for these arrays, the results have apparently not been reported in 
the literature. Examination of existing arrays therefore sheds little 


light on the question of subarray size for the proposed array. 


1.5.7 Multibeam Capability 


Several of the radio telescopes presently in use do not form 
multiple beams. Soviet astronomers seem to favor wideband instruments 


capable of simultaneous operation on a number of widely differing 
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frequencies but with only a single beam direction. Others have used a 
time-sharing arrangement for a small number of beams (usually five), but 
recent designs clearly show a trend towards simultaneous formation of a 
relatively large number of beams. 

The most sophisticated of these designs, at least in terms of 
beam formation, is the Teepee Tee; this is the only existing array of its 
type having equal beam-forming capability in either array plane. Also 
notable is the Penticton 10 MHz Tee, which, as noted in Table 1.1, has 
the ability to form up to 64 beams in declination with the addition of 
more receivers. This is due to the flexibility of its north-south feeder 


system and the lack of subarrays in the north-south array plane. 


eee eee 
napa Aan 


Yo nolytbbe: sity dniw natgeni ioe mb cia 88 03 quommed oo ysHTTde bts 
webs Hiuoe-A4 ion 247 Jo yiTl idixe!? ody Gx sub et efdT cevavisaey sem | 
a ce ti ie A SE AN - 


Oyya Rae 7 


eit ‘1 adie teil fhe y i tantecenneeb a 


CHAPTER 2 


THE FEEDER SYSTEM 


2.) Basi¢ Types of Feeder Systems 


Some basic feeder system configurations were briefly described 
in the preceding chapter. In this section we shall examine their 
characteristics more thoroughly in order to select the most suitable 


system for the Tee array. 


Zoning le=line Feeders 


The single-line feeder, illustrated in Fig. 2.1 for a linear 
N-element array, consists of a single transmission line to which the 
elements are coupled at periodic intervals along its length. Capacitive 
coupling is normally employed, and the use of directional couplers is 
usually required to reduce interaction between the elements. The value 


of phase shift @ needed for pointing at an angle 6 off the broadside is 


given by 
$ = 21d an ; (21) 
fe) 
where d = the inter-element spacing 
Ne wavelength at the center frequency 


The system of Fig. 2.la, which may be thought of as a series 


connection, has the advantage that identical phase shifts are called for 
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(a) Series Feed 


OUTPUT 


(b) Parallel Feed 
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in each phase shifter, simplifying the problem of remote control. The 
principle problem with this approach is the accumulation of phase errors. 
If a single phase shifter has an r.m.s. phase error Ag, then the signal 
from element #1 will encounter an r.m.s. phase error of YN-1 Ag. This 

_ problem, together with the accumulation of amplitude errors, makes the 
series technique impractical for all but very short arrays. 

The parallel-connected single-line feeder, shown in Fig. 2.1b, 
avoids the problem of error accumulation by providing each element with 
its own phase shifter. Control is more complex than in the series 
connection since the phase shifters are, in general, not set to the same 
value. 

Both types of single-line feeder have the inherent disadvantage 
that the path from antenna element to observatory has a different 
electrical length (physical length of the transmission line divided by 
its velocity factor) for each element. One consequence of this fact is 
that differential phase errors can appear very easily; for example, a 
change in electrical length of the line caused by a temperature change 
will result in phase errors which increase with distance from the 
observatory. This problem could be overcome only by resorting to very 
expensive techniques such as the use of special phase-stable coaxial 
transmission lines. 

A second consequence of the unequal path lengths is the restriction 
on the useable bandwidth imposed by decorrelation losses. As will be 
shown in Sec. 5.3, if a signal of bandwidth B Hz is transmitted over two 
paths which have identical phase shift at midband but differ in time delay 


by t sec, the correlation coefficient for the two output signals is 
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ee , 
y(B) = ep ee SINCMITE (2772) 
where y(B) may be thought of as the ratio of the actual output power 
at the receiver to the output power without decorrelation. Reduction of 
decorrelation losses by the installation of variable time delays in the 


feeder system is possible, but this is generally an unattractive 


proposition. 


Dele? Binary Branching Feeders 


The binary branching feeder system, depicted in Fig. 2.2, is in 
common use today and offers a substantial improvement in performance 
over single-line systems in many situations. The example shown is an 
8-element array; the extension of the principle to larger arrays is 
obvious. As is the case for the single-line feeders, an N-element array 
will require N-1 phase shifters. Impedance matching is necessary at each 
junction, since reflections from these points will cause excitation 
errors..This function is usually performed by a coaxial impedance 
transformer. It is also necessary in most cases to decouple the elements 
from each other; both the isolating and matching functions can be 
combined in a hybrid ring or other type of directional coupler [29]. 

The most important characteristic of the branching feeder is that, 
in principle at least, all signal paths from element to receiver are 
identical in electrical length. This tends to minimize the excitation 
errors due to changes in the properties of the cable, although errors 
caused by differential heating and by variations in parameters from one 
section of cable to the next will still be present. The equal path 


lengths also prevent decorrelation losses when the array is pointed at 
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the zenith; as with any feeder system, however, it may be necessary to 
insert variable delays to preserve correlation at other angles. The 
primary difference in this regard between the branching feeder and the 
equal-length system to be described next is that the former must have 
its delays installed outdoors within the feeder system, whereas the 


latter can have them inside the observatory building. 


2.1.3 Independent Equal-Length Feeders 


The most obvious and straightforward feeder system consists 
simply of a separate line for each element or subarray (Fig. 2.3). To 
minimize the decorrelation losses and eset een errors, each line is 
cut to the same length, namely the distance from the observatory 
building to the most remote element. The amount of cable required is 
thus very large compared to the other feeder schemes. 

Such a system does not obviate the need for phase shifters to 
steer the beam or time delays to prevent decorrelation losses, but it 
does allow these units to be located indoors at a single location 
adjacent to the receiver. This has important advantages in terms of ease 
of calibration, maintenance, and control, and the controllable 
environment available will result in increased phase and amplitude 
stability. The system also lends itself to a variety of signal 
processing methods; in particular, the full capability of the array to 
form simultaneous multiple beams can be utilized. The independence of 
the signal returns 5 eH means that a monitor system to automatically 
control the array excitation becomes a possibility (Sec. 5.1). 

To offset to some extent the enormous cost of an independent- 


return feeder system, it becomes desirable to find methods for reducing 
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the total number of feedlines. There are basically two techniques which 
can be used singly or in combination to achieve this end. One of these, 
grouping of elements into subarrays, has already been described. The 
feeder becomes in effect a mixed system, employing one of the feeder 
schemes described in the preceding two sections within the subarray, 
together with an independent line from each subarray to the observatory. 
The second technique is that of multiplexing two or more signals onto 
each line such that they are separable at the observatory. This is 
equivalent to the fully independent return system and does not involve 
an inherent compromise in array performance as the subarray approach 
does; however, new considerations such as crosstalk, technical 


complexity, and cost will now enter the picture. 


2.2 Choice of a Feeder System 


It is clear that the use of single-line or branched feeder 
systems on a large scale would not be compatible with such performance 
objectives as simultaneous multiple beam formation in both array planes. 
Only the independent equal-length system or one of its variants can 
provide sufficient flexibility to allow a significant improvement over 
existing radio telescope designs. It is no coincidence that the most 
sophisticated recent designs (Molonglo Cross, Teepee Tee) make use of 
some type of independent-return system. 

Although the decision to use an independent-return feeder in the 
Tee array is clear-cut, the choice of a method of implementing it is not, 
since there are a number of variables to consider. The remainder of this 


chapter will be devoted to a study of the alternatives available. One 
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major consideration in the evaluation will be the total amount of cable 
required and the attendant cost. Assuming that the observatory building 
is near the intersection of the Tee, and disregarding the relatively 
small amount of cable needed within a subarray, the total length of 
cable needed for the feeder of the proposed array would be 

(2.5)N 


L of eamoemaace km, (223) 


where N = total number of elements 


m = number of multiplex channels per cable 


n Subarray size. 
For the extreme case of no physical tapering, no subarray grouping, and 
no multiplexing, this amounts to a rather awesome total of 7120 km. The 


need for further investigation of this feeder method is evident. 


2.3 Signal Transmission Without Frequency Conversion 


To distinguish between the terms ''transmission system!’ and 
"feeder system'', we shall refer to the former as the means by which 
received signals are transmitted to the observatory within the framework 
of a given feeder system. In addition to the basic signal paths along 
the feeder cables, the transmission system may encompass preamplifiers, 
mixers, local oscillator lines, phase compensation systems, and so 
forth. 

The most straightforward solution to the transmission problem is 
simply to use the basic feeder system without further embellishment, 


except possibly preamplification. This approach has in fact been used in 
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all low frequency radio telescopes constructed to date (unlike its 
usage in communications terminology, the term ''low frequency'' when 
referred to by radio astronomers usually means that part of the 
spectrum below 40 MHz). The main considerations here are cost, phase 
stability, and the degradation of signal-to-noise ratio caused by the 


attenuation of the cables. 


2.3.1 Attenuation and Noise Considerations 
(a) Transmission Without Preamplification 
The sensitivity of a radio telescope depends on how small a 
change in input noise power can be detected. This is in turn a function 
of the r.m.s. noise fluctuations caused by the background radiation 
from the sky plus the noise contributions of the receiving system. The 
fluctuations are usually expressed as a noise temperature; the minimum 


detectable noise temperature is given by [30] 


Kewl 
Cheah) (2.4) 
v Bt 


where K. = sensitivity constant (= 2 for correlation receiver) 


system noise temperature referred to antenna terminals, °K 


sys 
B = predetection system bandwidth, Hz 
t = postdetection integration time, sec 


In the proposed array, this quantity is expected to be of the order of 
2000°K. 
The sensitivity is usually defined as some factor times es 


since the minimum signal detectable with confidence is considerably 


greater than the r.m.s. fluctuations given by equation (2.4). The 
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factor commonly chosen is five; if the noise is Gaussian, the probability 
of a random fluctuation reaching a value of BS AT) Pere is about 6 x wee 
Now if we consider a single array element and its associated 


transmission line and receiving system, we may express the system noise 


temperature introduced above in the form 


= + - 
To. WaT, E(1/e)-1] + (1ve)T, (2.5) 
where qT) = antenna noise temperature, °K 
la = physical temperature of the transmission line, °K 


= 
i] 


receiver noise temperature, °K 


iu) 
Il 


transmission line efficiency, 0 < « < 1 

The system noise temperature is degraded both by the attenuation 
of the transmission line and the thermal noise generated within it; it 
is also degraded by noise generated in the receiver. To ensure that no 
significant degradation will occur, the first term of (2.5) must 


dominate the other two: 


v, >> ety e) 21) + (1/e)T, 


or, in terms of transmission line efficiency, 
In order to arrive at a minimum allowable value for €, we must now 


determine some approximate values for the various noise temperatures. 


At the low frequencies involved here, a receiver noise figure F 4B 
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of less than 4 dB is readily obtained (the receiver noise figure will 
essentially be that of the first stage of amplification). Using this 


figure as a worst-case value, and applying the relation 


F 4B = e110 log, )l1 + (T,/290)], (207) 


we find that T LhO°K. 


R 


The antenna temperature T, depends on the sky brightness temperature 


A 


distribution and the power pattern of the antenna. B.H. Andrew [31] has 
measured brightness temperatures in the range of 10 MHz to 38 MHz using 
dipole antennas at a latitude of 52°N, which is the same as that of the 


proposed array. At 13.1 MHz, the observed sky brightness varied with hour 
Dao 


angle and had a mean value of 1.22 x 10 K. The brightness temperature 


is proportional to Sti where S is the flux density and f is the 


frequency (Rayleigh-Jeans radiation law), and Andrew has determined that 


Sa Fi oaits over the stated frequency range. Thus we can interpolate to 


find the mean brightness temperature at 12.36 MHz, which we use as an 


estimate of the antenna temperature of a dipole element in the array: 


5 


T: fue (dina dmkmozye( 12-3 a NeKM coef oR (2.8) 


A 


The interpolated minimum and maximum values are 1.01 x 10° °K and 


ee 


1.87 x 10° °K respectively. 


Choosing T, = 300°K as the maximum temperature the cable is 


i 
likely to be subjected to, and substituting all of the estimated 


quantities into (2.6), we find that the requirement on transmission 


3 


line efficiency becomes ce >> 5.4 x 10 7. If we have an efficiency one 
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order of magnitude greater than this figure, the system noise temperature 
will be increased only about 10% over the antenna temperature, resulting 
in a minor deterioration in sensitivity. Using this criterion, the 


requirement becomes 


eaed 0.054 (2.9) 


or, in terms of cable attenuation A, 


A ie san 10 109 1) (1/e) =the 3 dB (2.10) 


Although it may appear that we have made this upper bound on cable 
attenuation overly stringent by not striving for a very low receiver 
noise temperature, such is not the case. Indeed, much lower figures than 
440°K are obtainable; in fact, a noise temperature of 50°K (F 4p =m tH) 
is typical of a well designed low-noise 10 MHz transistor amplifier [32], 


[33]. However, if we set T, = 50°K, we find that the criterion of 


R 
equation (2.10) becomes a ERS = 16 dB, so that the cable attenuation 
requirement has changed relatively little. Hence there is not a great 
deal to gain from optimization of the receiver in terms of noise 
figure, and attention should instead be focussed on such parameters as 
gain and phase stability. 

Attenuation data [34],[35] and cost for a number of common, 


readily available coaxial cables are given in Table 2,1]. The attenuation 


as a function of frequency may be described as follows [36]: 


A(f) = init.) dB (22119) 
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where x = 0.5 (see Table 2.1 for individual values) 


k = constant depending on cable construction 
= attenuation in dB/m at frequency in 
L = length of cable, m. 


We shall make use of this relation again in connection with frequency 
conversion and multiplexing. Measurements [35],[37] on many types of 
coaxial cables have shown the attenuation-versus-frequency characteristic 
in the 1-1000 MHz range to conform very closely to that predicted by 
(2.11). The exponent of approximately 0.5 arises from the fact that 
skin-effect losses dominate the other sources of attenuation such as 
dielectric heating and radiation at these frequencies. 

An examination of Table 2.1 reveals that most commonly-used 
coaxial cables have much higher attenuation than that which is called 
for in equation (2.10). Due to the high cost of suitable cable, the 
transmission system without frequency conversion or preamplification 


has little merit for an installation the size of the proposed array. 


(b) Transmission With Preamplification 


We now consider a modification of the preceding scheme, 
consisting of the insertion of a preamplifier having power gain G and 


noise temperature T, into the remote end of each cable. Assuming that 


P 
there is negligible loss in the cable which connects the antenna 
element to the preamplifier, the system noise temperature (referred to 
the antenna terminals) becomes [38]: 


Cle) 1, + Tp 
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Except for the addition of Tp» this ismthessame as equation (265) sebut 
with the last two terms reduced by the factor G. The system noise 
temperature versus cable attenuation is plotted in Fig. 2.4 for various 
preamplifier gains. Examination of the curve for the case of no 
preamplification shows that 13 dB of cable attenuation corresponds to a 
eys of about) 1255" x 10° °K, or about 10% higher than the nominal Ta 
which affirms that the criterion of equation (2.10) is reasonable. We 


can derive a similar criterion from equation (2.12): 


L 
eas ee eee a eee ae whe eR (2% 13) 
ee G(T ,- Tp) Ge) Paty 


provided that the noise figure of the preamplifier is reasonably good, 
say less than 10 dB. This expression clearly shows that the result of 
inserting the preamplifier is to compensate for an amount of cable 
attenuation equal to the power gain G. The new criterion for cable 


attenuation is therefore 


A ==r | 3u0t" 10 109 1,6 (dB) (27 14) 


This means, for example, that if a gain of about 35 dB could be realized, 


FM-8 type cable could be used rather than RG-218/U, which was previously 
the only cable of Table 2.1 which even came close to meeting the 
attenuation criterion. This substitution would result in a saving of 
about four thousand dollars per cable run, even if the preamplifiers 
were to cost as much as three hundred dollars apiece. The preampli fied 
transmission system is obviously a better choice for a large array. 


The principle limitations on preamplifier performance in this 
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Fig. 2.4 System Noise Temperature Versus Cable Attenuation 
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application are stability and reproducibility. The task of producing a 
large number of preamplifiers whose phase and amplitude characteristics 
are uniform from unit to unit and stable with time is not an easy one, 
and it becomes more difficult as the gain required increases. In the 
following section, problems related to stability and uniformity of the 


feeder system components are explored in more detail. 


Doses eXcChtation ELrors 

It is rather difficult to excite a large array accurately 
without resorting to prohibitively expensive techniques such as the use 
of special Wades taned cable. Although calibration of the array at some 
point in time is a formidable problem in itself, the most serious 
problems stem from the short-term and long-term variations in the 
properties of the transmission system which appear after calibration. 
Many of these problems arise from the failure of the system components 
to ''track''; that is, they do not all react identically to changes in 
their environment even though they have been closely matched for one 
particular set of conditions. The result is inevitably an increase in 


excitation errors. 


(a) Thermal Effects: Transmission Lines 
The foremost consideration in the stabilization of the 
transmission system is thermal stability. Unless special measures such 
as burial of cables are adopted, the components of the system will be 
exposed to ambient temperatures ranging from about -50°C to +30°C. The 
majority of observations will take place when the temperature is in the 


lower half of this range, since the ionosphere is most likely to be 


sik abs dele eaeltie ise set 26 siugt¥? tb ron ened 35 Ane 
sat to ybimrotiqw bas ytllidere of bstefar ametdorg mete 
.Jigieb siom ai barolgxs 816 Zapsnoqmos marley? ssbe8t i 

an 


Yietequns5 yee seis! 6 siinxe 02 Jtusittib verter et t1 

gau rig 26 dove esupindses svianeque yhovisiditorg oF galpiogey tuors bw 7 _ 
ema2z 36 ye1716 sft to noisetdifes dguods tA -si deo banel 2sb-yiteiseg2 Yo os 
auoitee 20m ert ,iis2e7i ni msidetqg sildabime? « 2i smiz ni tnteq : 
efit nl enoidsitzey mec-pnol bose mas~svode sft mov? made ams! dovq 


_nolieidiiso atte weeqas doidw mataye noieelmenaid sft Yo eslsieqo7q 
atnsnoqmon msteve sfy to siwwlis? set =e ame! darg seers Yo ynsh 
nt. eapnerds o3 yi lsotszasbi 2o6e7 Ife ton ob yaris .el sera ;"slos17"" 02 | 
ano 103 betlsjem yiseols nssd syed yerld dpuodt neve tasmno7lvne Wort 
ni sesersn! na yidedtveni, 2) divesa ent .enottibaco to te2 isluoit%eq © 
.2ror1s noises loxe 


ais to noitest| idei2 oft of Holts tsbiencs saomexoT sfT a 7 
fave 2owessm lala5qz 22eTnd » rit dade lemyeads 2! meteye nolazimensy? 
od [iw maveye oda Yo 2tnanogmos oft ,betqobs s15 elds to Isisud es 
edt .2°OE+ oF I"Oe- tyods mort onigney tetuze19qmes ineidms of bezogxs 
ot nh ai srwsevagnes ett narw sonlq: Sastl IT iw enol vevrsade %e y2ielem 
ad o1 ylodif som 2% aterigzonol sit? sanie ,apnes 2ifla to Wed yewol 


gn 


transparent at 12 MHz during winter nights. Exceptions to this rule wil] 
occur, however, particularly during ''quiet sun'' years. lonospheric 
conditions notwithstanding, there will no doubt be many serious attempts 
made at mapping the summer sky, so that the feeder system must be 
designed to deal with the full temperature range. 

Coaxial cables exhibit parameter changes with temperature which 
are to some extent unpredictable. This is especially true of the common 
RG-type cables, which have not been designed for high thermal stability. 
Specifications on the thermal properties of these cables are usually 
not available from the manufacturers. | 

To describe the behavior of cable attenuation with temperature, 


one can define a coefficient of attenuation stability: 


AA x 10° 


Ka = jeeA CATON ppm/°C (22,15) 


where A = attenuation, dB 


AA 


increment in attenuation, dB 


AT = small increment in temperature causing AA, °C 


This coefficient is positive since both the resistivity of the 
conductors and the dielectric losses increase with temperature. For 
RG-type cables with solid polyethylene dielectric, the attenuation 
change is quite linear with temperature, and Ky 
The coefficient is apparently quite uniform from one sample of cable to 
the next, so that differential effects leading to amplitude excitation 
errors are not expected to be a serious problem. 


Unfortunately, the phase stability of most coaxial cable is not 


as well-behaved as the attenuation stability. A coefficient of phase 


is about 615 ppm/°C [34]. 
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stability Shy may be defined in terms of the phase delay of the line: 


Age xX 10° 


Ns = eC ATS ppm/°C (2716) 


where t = phase delay of the transmission line, sec 


At = increment in the delay time, sec 


AT small increment in temperature causing At, °C 
The change in phase shift which takes place at a given frequency f for 


a temperature change AT will be 
Ab = 360F (At) = 360FtK (aT) x 107° degrees (2.17) 


The changes in delay time result from changes in the dielectric 
constant plus changes in the physical length of the cable. This leads 
to a rather nonlinear delay-versus-temperature characteristic, meaning 
that K_ can be considered a constant only over a small range of 
temperatures. = is negative for all standard cables, and at 20°C it 
normally falls in the range from -100 to -250 ppm/°C for solid 
polyethylene insulated coaxial cables and from -20 to -30 ppm/°C for 
foamed polyethylene types [34]. 

The coefficient Ap increases with temperature in a manner 
peculiar to each individual cable type. To take an extreme example, 
data given by Rodriguez [39] show that for RG-58C/U, K is about 30 ppm/°C 
at -20°C and increases to about 140 ppm/°C at +20°C and 320 ppm/°C at 
+40°C. The changes in Ke are generally less extreme for larger-diameter 
cables, and such cables can often be represented by a constant hs quite 


adequately over a considerable temperature range. 
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In considering phase excitation errors, we are concerned with 
differential rather than absolute changes in phase shift; if all cables 
in the feeder system change in exactly the same way, the relative 
phases will be preserved and no new phase errors will appear. Hence the 
critical question to be answered pertains to the variance in phase 
characteristics to be found in a large number of samples of a given type 
of cable. Unfortunately, very little data on this subject has been 
reported in the literature. One study reported by Kushner [40] revealed 
that there can be a substantial variation in phase-temperature 
coefficient as of a given cable type from one production lot to the 
next. Measurements of standard solid polyethylene dielectric cables in 
the neighborhood of 20°C showed extremes in Ks of -108 ppm/°C and 
-162 ppm/°C, a range of +20% from the median. Lot extremes for a 
standard foam polyethylene cable were -31 ppm/°C and -63 ppm/°C, or +33% 
from the median. Since the statistics other than the lot extremes from 
the measurements were not reported, it is difficult to predict how the 
variations in an actual shipment of cable might compare to these. In 
the absence of an assurance from the manufacturer of tighter tolerances 
on a than those given here, there is some justification for assuming 
them to be representative of a worst-case situation. The analysis of 
phase errors in the transmission lines from variations in Re will be 
resumed in Sec. 2.3.3. 

When a coaxial line is first cycled through a temperature range, 
the path followed by the curve of phase delay versus temperature wil] 
usually be found to be different for each succeeding cycle. It is only 
after several such cycles that the phase-temperature characteristic 


tends to stabilize within this range [39]. This points out the need for 


47 


ene a Hig VW aude soit vi » 92a 
avitetor adi ,yew snsz oat staal 
| Si3 sorts . ves 8 lal aan ad anarchist 
; oeane ni ssnb trey ort 0? anna, barewens od.03.nolaseup tenidiie |” 
dgyt navio 6 36 ¢ofqmse to todnun spref 6 al Bavokied of 2xiteInezseterls 
aged est toeidue efda no eteb.ofsiT Yrs «ylssenustoFAU +ahdeo Yo 
helsevsy [04] vaentewd yd bedtoget vbode sad .equte sath odd a} bsavoqen 
swwistaqis2-szerq ai no 161 16¥ ieitnesedue 63d noo overt 36d 
st o3 61 noljouborq sho non sqy) oldao asvig 6 Yo e mneiattteea 
ni aside aiviosisib snhelvdtoyie bilee bisbnate Te erasmeqvessM .3Ken 7 
bas J°\ingq BOl- to 2 a zomerdxs bewoda 3°OS to boorodigisn edt 
& 701 eemensxs 101 .nsibem odd mo7? $O8t to ogres @ + 2°\ngq, S31 ~ 
SEEE to .2°\ngg £a- bane I°\maq [E- a79W sidéa sastydssyiog meio? brebasa2- : 
mor? eemeiaxs Jol edt osrt redao aiseisex2 afd eont2 «neibem ens mort 
efi wor taibsiq oF iluoittib ei 3) ¢batrogen Jen, o19w zinameiuesom OAs 
nt .seedi of siéqios ddgim sids> To snemqide Ieudos as ni anoiaeiiay, 
zesneiglo1 tsidols to te wisetvhsm ond mo1? sons wees ne to songads eng 
. gnimuezes 10? nolzexitigen, Smoe 2i sista ,sved nevip - - 
#o eleyvlens aT .noissutte seso-sejow & to Svitsineesiqet er a 


on 


7 


_ 


od (fiw i ni enpisefrey mor} aenif inotecinecsra oft ak exprne oat ; 

2.8.5 .982 Al bam 

_y8QNST SyUssrsqNEI B Aguord beTays sent? 21 oni! peter: 

(i kw svusexeqmet 2u2yev ciara ella hall vd bewatfo?) 
ae, stp sean sme See on bin 

d | ee 
_ ito tn ec itd na i 


ay ei Sy aed 


allowing the feeder system cables to undergo wide variations in 
temperature after installation before final phase trimming and 


calibration is attempted. 


(b) Thermal Effects: Preamplifiers 


The preamplifiers in the transmission system will also be a 
source of excitation errors, with amplitude errors being of greater 
concern in this case. In some respects, thermal instability is an 
easier problem to cope with in the preamplifier than in the cable, since 
the former is a lumped circuit with highly predictable properties. 

The major problem in amplifier stabilization is compensation for 
changes in the parameters of the active devices; compensation of the 
passive elements can generally be accomplished through careful circuit 
design and proper selection of component temperature coefficients. To 
compensate an active element, there are basically two approaches: one 
is to use negative feedback and thus reduce the effects of parameter 
changes in the device; the other is to constrain some device parameter 
to change with temperature in a certain way. The feedback technique 
restricts the gain available per stage to a relatively low value, but 
it has the advantage of being tolerant of departures from the expected 
values of device parameters. The second technique offers higher gain 
but would require greater device uniformity or the tailoring of each 
preamplifier individually to meet specifications. 

An example of the second compensation technique has been given 
by Batchelor [33]; he describes the use of a thermistor in the d.c. 
emitter circuitry of a bipolar transistor amplifier in such a way as to 


keep the power gain relatively constant over a wide temperature range. 
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A dual-gate MOSFET can be gain-stabilized in a similar fashion by 
supplying the gate #2 bias from a temperature-dependent voltage divider 
network [41]. 

As far as phase stability is concerned, at the frequencies 
involved here the active devices will likely present a less serious 


problem than the associated tuned circuits. 


(c) Moisture and Other Environmental Factors 
Most standard coaxial cables deteriorate quite quickly in humid 
Serco: due to corrosion of the braid. The moisture enters the 
cable at terminations, through pin-holes in the outer jacket, or via 


vapor transmission through the jacket. In foam dielectric cables, 


moisture penetration also causes filling of the voids in the dielectric, 


which results in increased attenuation and poorer phase stability. The 
deterioration of standard cables is further accelerated by galvanic 
action if they are used for direct burial. 


Even in above-ground use, it is desirable to provide the cable 


with some additional protection from rain, ice build-up, direct sunshine, 


rodent damage, and so forth. A system of ducts through which the cables 
are routed could be used for this purpose; such a system might be 
incorporated into the design of the ground screen. A suitable waterproof 


enclosure should also be provided for each preamplifier. 


(d) Component Aging 


As pointed out in Sec. 2.3.2(a), coaxial cable must undergo 
several temperature cycles before it stabilizes in a given range. In 


addition to these temperature-induced effects, however, the phase delay 
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of a cable will change with time even if it has a thermally stable 
environment. For example, measurements on cables in the feeder system 
of the Lebedev Cross [18] have shown considerable variation with time, 
despite the fact that they are buried at a depth of about one meter in 
insulated tubes. The measurements were of electrical length (phase delay 
times the velocity of light in free space); all lines were first 

trimmed to within 7 ppm of the electrical length of a standard. After a 
two month period, measurements revealed deviations from the standard 
length of 114 ppm r.m.s. The resulting excitation errors were quite 
noticeable in their effect on the sidelobe levels. 

The probable cause of these variations was changes in the cables 
in the vicinity of the connectors. No doubt exposure to a wide range of 
temperature and humidity will accelerate this process, necessitating 
frequent recalibration of the feedlines. This could prove to be a highly 
complex and time-consuming procedure in the case of the proposed array 
unless an automatic system is incorporated into the feeder system to 


perform this task. Systems of this nature will be examined in Sec. 5.1. 


Aging effects will also appear to some extent in the preamplifiers 


and any other electronic components present; the remedy, as with the 


cables, is frequent measurement and adjustment against a standard. 


(e) Cable Trimming 


A fundamental limitation on the attainment of small phase errors 
is the accuracy with which the feeder system cables can be matched in 
phase delay. Aside from the difficulties associated with the thermal and 
other variations just described, it is by no means a trivial problem to 


accurately match the electrical lengths of two cables at a given time. 
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The process consists basically of matching the phase shifts of a pair of 
two-port networks; it is made more difficult than usual by the large 
physical separation of the input and output ports. 

The technique of electrical length matching which has been used 
almost universally in setting up large arrays was introduced by Swarup 
and Yang [42] in 1961. In principle, one may measure a cable's electrical 
length by injecting a sinusoidal signal into one end, separating from it 
by means of a directional coupler the signal reflected from the far end 
termination, and comparing the phase of the two signals. This technique 
results in an ambiguity in that the actual number of half-wavelengths in 
the cable is not determined, but this may be resolved by measurement of 
physical length or by pulse reflection. The method fails when the cable 
has apprecible attenuation, since the reflected signal will have 


insufficient magnitude to be distinguished from the outgoing signal, or 


from the other incoming signals caused by reflections from discontinuities 


in the cable. 

Swarup and Yang proposed a modification of the reflection method 
involving modulation of the termination impedance, so that this reflected 
signal and no others becomes modulated and can be separated by a suitable 
detector. The original method was developed for microwave frequencies 
and used a gas discharge tube modulated at 1000 Hz for the reflecting 
device. Refinements of the method making it more suitable for low 
frequency measurements include the use of choppers [6] or PIN diodes [43] 
driven by audio-frequency square waves to replace the discharge tube. 

A newer method for electrical length matching of cables [44], 
which is very simple and does not require modulated terminations, uses a 


Sweep generator as the signal source. The reflected signal is separable 
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in this case because it differs in frequency from the outgoing signal. 
The method is less accurate (by approximately one order of magnitude) 
than that of Swarup and Yang, but it could prove useful for preliminary 
trimming and resolution of ambiguities. 

To return to the question of accuracy, it appears that the phase 
shifts of the cables in the feeder system can be matched to within +0.1°. 


This is the figure given by Kushner [40] for accuracy attainable in the 


HF (3-30 MHz) range, and it is consistent with the results given by users 


or the Swarup and Yang technique. 

There are a number of practical difficulties associated with 
cable trimming, not the least of which is the temperature changes which 
will occur during measurements. The procedure, probably consisting of 
the adjustment of a coaxial ''line-stretcher'' in each feedline entering 
the observatory building to make its electrical length equal to that of 
some standard line, would be a very time-consuming operation when 
repeated for each of several. hundred lines. Since recalibration is 
likely to be needed each time the temperature changes by more than a few 
degrees, this operation could severely reduce the already limited 
observation time. This indicates a need for an automatic system of phase 
control which can carry out the procedure very quickly, or perhaps even 
continuously without interruption of observations. Such a system will be 
described in Sec. 5.1. 

With regard to preliminary trimming of the cables, it should be 
noted that the electrical length of a coaxial cable is dependent to a 
certain extent on its physical configuration. For example, the cable's 
electrical length increases when it is coiled; increases of 700 ppm in 


the electrical length of standard flexible cables have been noted after 
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being coiled on an eighteen-inch diameter form [40]. In an equal-length 
feeder system, all cables are the same length regardless of the proximity 
of the antenna elements to the observatory building; this means that 
there will be a good deal of cable (roughly half of the total amount) 
which will likely remain coiled. In view of what has just been said 
regarding electrical lengths, it is important that the cables be 


installed in their permanent positions before trimming is attempted. 


(f) Shielding Efficiency and Crosstalk 


For most practical purposes, the shielding afforded by coaxial 
cables may be considered complete, in that the coupling between adjacent 
transmission lines is of negligible proportions. However, for a very 
large antenna array in which the transmission lines may run side-by-side 
for thousands of feet, the picture changes dramatically and no such 
assumption of complete shielding can be made. As we shall see, the 
isolation between lines in such a situation may be very poor indeed. 

Before considering the possible deficiencies of the cables in 
regard to shielding, we shall examine the effects on the performance of 
a radio telescope array resulting from poor isolation between feedlines. 
The methods used here are similar to those used by Labrum and McAlister 
[45] in their analysis of the feeder system of the Culgoora Radiohelio- 
graph. 

We begin by considering excitation errors caused by imperfect 
shielding. Suppose a given transmission line has a nominal output 
voltage denoted by a phasor EN Now due to coupling between lines, 
adjacent lines contribute voltage components of the form av exp(jo), 


where a is the cross-coupling or crosstalk coefficient, and the phase 
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angles CF depend on such factors as source direction and element spacing. 


For the purposes of this analysis, we will assume the oF to be random 
and uniformly distributed between -m and +m radians. The output voltage 
of the line is 
M 
Ve= vot +a) exp (jé.)] (2.18) 
i=] 
where M = the number of lines contributing to the crosstalk. 
Using the Euler identity and assuming that a << 1, this voltage may be 
expressed as follows, in terms of a fractional amplitude error A and a 


phase error 6 (radians): 


M M 
ase ta) cose, ) “+ (a ) sine.) 71 '/7exp(js) 


WS 
i=] i=] 
= v0 + A)exp(jé) (2.19) 
M 
where A= a ) cosé, (2.20) 
i=] 
3 a)sine, 
6 = tan [| ————] 
ie a) cose, 
M 
= a) sine. (2421) 
i 


i=] 


From these last two expressions, we can derive the r.m.s. excitation 


errors for the ensemble of transmission lines: 


A atk Az y 142 - o(M/2) 1/2 


(2.22) 
rms 
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a (M/2) (2623) 

To estimate the effects of inter-cable crosstalk in the proposed 
array, we shall assume to begin with that the cables are closely bundled 
together. The crosstalk introduced into a given cable will be dominated 
by the contributions of its nearest neighbors; we shall therefore set 
M = 6, since this is the maximum number of cables which can be in direct 
contact with the one under consideration. 

We must digress briefly at this point to consider the magnitude 
of excitation errors which we are willing to accept. The sources of 
errors, which will be examined in Chapter 4, may be grouped into two 
categories; some, such as the input bandpass filter, result in errors 
which at ist level become practically irreducible except possibly by 
sophisticated compensation techniques. Others, including inter-cable 
crosstalk, contribute errors which can be reduced to almost any desired 
level without recourse to special techniques. There will, however, 
likely be an increase in cost accompanying this reduction, so that we 
wish to reduce the errors in the second category only to the extent that 
they are dominated by those in the first category. The results of 
Chapter 4, summarized in Table 4.1, show that the choice of magnitudes 


A = 6 = 0.0017 ( = 0.1°) for errors in the second category 


rms rms rns 
will allow this situation to prevail. 


Substituting the above values into equations (2.23) and (2.24) 


gives a maximum crosstalk level of 


oe Pe a anes (222) 


2) 


belbnud ylazols ove astdss odd nee 
bstsnimob sd Ihlw sides nevi 6 oan disseeors AT a 
ta2 srotaiedt Merle ow cerotteeh idee ot 50 enoisudisanea aia yd 
yaerib ni ad 6a roidw esideo Yo iSdmuM mumixem eis 2] gids sonte eM 
. noi te78b) eno> robnu smo sett. da lw 296%R00 - - 


> 
ee 


; 
- * 


abui ingem 32 rebienos oF snag hdd te yl tetrad eesipib teum OW ave 
Yo teatuoe osAT .3qaone oF onli lw sxe ew ioidw evore notssstoxs Yo y - 
owt otal bequois sd vem .f redqed2 al baaimeke ed Thiw dotriw jevore 
etoris ni tivesy ,1971 1? 226qbned juqni snd es dave ,emoe ashlee 
vd yidiezoq, $qasxe sidispbs17! vilaeizaeon smogad level an suuiahs 
sfdso-isini onibuloni! ,eteds#O .2supintios? noldsensqmoa betes isetrqoe 
berizsb yrs tzomls 0% beouber sd nea daifw etorre siudinzes ,Alezzz019 
isvewod <ffiw sisdT .2zeupinnosd feiosqe of 927008 suods iw fevel | a | 
sw tery oe ,noltsubet 213 pniynegitGoss s20o al sesspaml ne 9d visa Bs 
feai tnegxs sft of yino yiepetss broose aft ni et01e sf3 suber os deiw 
to 2tfuzsy oAT .yiopsieo terit sae At FEY Sah eeren tect $18 yors 
edbutiqnem Yo. oiodo or Jedd wode tf stdet oi bosivemme A venga? 
yropete> bnosse sri ni 2107s wor (°F.0 = am”) 7100.0 = em? = we : 
Hieverg of nolssuate eidd wotle fiw 
WS.) bre (€S.S) enoizeups oon! zeufev svods ors enizuatvedue 5 


, 


om ~ : ~s 


oth gr re 


56 


In addition to causing excitation errors, inter-cable crosstalk 
may have a detrimental effect on the sensitivity of the radio telescope, 
since it causes spurious fluctuations in the system noise temperature as 
the beam is scanned. To determine whether this will be a problem at the 
crosstalk level just derived, the r.m.s. value of these fluctuations 
must be found. From equation (2.19), the power output from the mae 
transmission line is proportional to 
? 


2 2 2 
= IVI (1 fe A Noe IV (14 20, ) cose.) (2.25) 


i=] 


IV, 


where ay is the crosstalk coefficient of the th line. If we add the 


outputs of N independent transmission lines, we have, in general, N 


uncorrelated voltages; the total power output for a given beam direction 


is proportional to 


N 
VETS OPW ie (2.26) 
k=] 
2 : Te ae 
The difference between V’ and its mean value V’ = NIVo| is 
A(v?) = v2 : v2 
” N M 
=tr2|V)| dep taeye i's (2.27) 


Recalling the assumption concerning the random distribution of the 
phase angles, we can find from (2.27) the mean-square value of the 


power difference: 
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h 2 
Av 2k (M/2) 


mn 2 
2MN | V | (os) (2.28) 
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The r.m.s. power fluctuation is therefore proportional to 


2 2 1/2 
A(V re - ams Mo! (2MN) 4 
r Wa Ve 
SEaT OM eE() (2.29) 


Finally, we can express this fluctuation in terms of a change in system 


noise temperature: 


a (As 
rms sys N 


oli i (2.30) 


To evaluate (AT) » we set M = 6 as before and use for T the 
rms sys 
Dae 


mean antenna temperature of 1.4 x 10° °K found in Sec. 2.3.1(a). The 
number of independent transmission lines N has not yet been determined, 
but there is little doubt that it will be of the order of several 
hundred. If we arbitrarily select N = 100 as an absolute lower bound, we 
find from equation (2.30) that a. < 2.9 x 105-o(-3hedB) ewlaldresult in 
a value of (AT ee which is less than the minimum detectable change in 
system noise temperature (about 2000°K). This condition on maximum 


crosstalk level is much less stringent than that given by equation (2.24); 


in other words, if crosstalk is kept sufficiently small that excitation 
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errors are minimal, then there need be no concern that the sensitivity 
of the instrument will suffer. 

In the analysis just concluded, the single crosstalk coefficient 
@ was replaced by an r.m.s. value for the ensemble of all transmission 
lines, in recognition of the fact that the amount of crosstalk 
introduced into a particular line will depend on which section of the 
array it is feeding. The use of an r.m.s. value in (2.24) and the other 
expressions concerning excitation errors is equally valid and more exact 
than the assumption of identical crosstalk level in all lines. 

We now must consider the degree to which crosstalk may be a 
problem when coaxial transmission lines are employed. The shielding 
efficiency of coaxial cables varies considerably, depending on the 
construction of the outer conductor(s). The types of construction 
commonly used, in descending order of shielding efficiency, are solid 
sheath, strip braid, triaxial (two independent braids), double braid 
(not insulated from each other), and single braid. All of the relatively 
inexpensive cables such as RG-213/U fall into the single braid category, 
and one must pay dearly for better shielding than these cables will 
provide. For instance, RG-214/U is a double-braided cable which is 
identical electrically to RG-213/U except for improved shielding 
efficiency, but the former costs more than three times as much as the 
latter. 

The crosstalk between two cables depends on their shielding 
efficiencies plus a coupling factor which is governed by the physical 
separation of the cables and the grounding practices used. Unfortunately, 
data on coupling factors are not generally available, but it is possible 


to make some rough estimates. One handbook [34] gives a crosstalk figure 
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of -80 dB in the 1-30 MHz region for two single-braided coaxial lines 
laid side-by-side for a distance of twenty feet. Using an extrapolation 
formula given in the same publication, one arrives at a crosstalk figure 
of -12 dB for a one thousand foot side-by-side run. The formula is not 
valid for larger runs than this, but it is clear that in the proposed 
array feeder system with its possi bie side-by-side cable runs of as much 
as 8200 feet, close bundling of transmission lines could result in 
an lias -10 dB. Such a high degree of crosstalk would cause excitation 
errors far in excess of the allowable limits. 

The preceding indicates the importance of making crosstalk 
measurements on long cable runs before the physical configuration of the 
feeder system is decided upon. A certain amount of separation will have 


to be maintained between the cables to prevent intolerable excitation 


errors. 


2.3.3 Summary and Evaluation 


In this section the evaluation of nonconversion transmission 
systems will be made somewhat more precise with some further numerical 
estimates of excitation errors. The majority of the section will deal 
with the phase-temperature variations in cables introduced in Sec. 
2.3.2(a), which are potentially the most serious source of errors. 

To begin with, the transmission line phase errors resulting from 
temperature changes over the range of -50°C to +30°C will be estimated. 
Assuming that all cables have been carefully adjusted to the same 
electrical length by the techniques discussed in Sec. 2.3.2(e) at a 
temperature near the middle of this range, we wish to determine the 


extent of deterioration in excitation when the temperature approaches 
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the extremes of the range. Disregarding the small measurement error in 
the trimming process, at the temperature of calibration LA all cables 


have the same phase shift: 


ogt= 360F ot. degrees (2521) 
where Ta phase delay, us, at Le = 12.36 MHz and temperature Wis 
Now at some other temperature T, a cable having phase-temperature 


coefficient K, will have, from equation (2.17), a phase shift of 


o(T) = 6 + Ag(T) 


6 


Ne 360F eK [T-T 1x10 


4 t -6 
ai Ab al el Ons) (2.32) 
From (2.32), we can find the r.m.s. phase error: 
= tre = : = -6 
S ems ~ [9 (7) ‘ud Pre i. a els. Kelme 
= ¢ _|AT|(AK_) rate (223) 
c p’ rms 


For an estimate of (AK) ms? we recall from Sec. 2.3.2(a) that 
the value of oa for a given type of solid dielectric coaxial cable may 
differ by as much as +20% from the median value. Suppose we assume a 
Gaussian distribution about this value and arbitrarily take the +20% 


tolerance to be the limits corresponding to 99% confidence that lies 
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within this interval. This leads to an r.m.s. error (standard deviation 


of the distribution) of (AK ) 
p rm 


_ 0.08|K.|. 

To arrive at some numerical values for phase errors, we shall 
continue the analysis using a representative solid-dielectric cable, 
RG-213/U. Data given by Rodriguez [39] shows a variation in nominal KG 
for this cable of considerable magnitude, from about -130 ppm/°C at +40°C 
to about -80 ppm/°C at -50°C, but for our purposes the cable can be 
adequately represented by K, = -100 ppm/°C independent of temperature. 
Thus our estimate of r.m.s. deviations from the mean becomes, in this 
case, (AK) ms = 8 ppm/°C. Since the cable has a velocity factor of 


0.659, the standard delay re for a 2.5 km line will be 


6 
PS econ kel Oe 12.65 usec 


Samper (659), (Fexal02) 


Using these values in equations (2.31) and (2.33), together with 


im = 12.36 MHz yields an r.m.s. phase error of 


360 (12. 36) (12.65) (8) (10°°) [aT] 


for) 
i] 


rms 


0.45|AT| degrees (2.34) 


For temperatures near the extremes of the range, this linear 
approximation predicts r.m.s. phase errors of about 18°. 

For cables with foam dielectric, the picture is improved 
somewhat, since the phase-temperature coefficient is lower by a factor 
of about four. However, as was pointed out in Sec. 2.3.2(a), this type 


of cable tends to have looser tolerances on ep which partially 
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nullifies the advantage it has over solid-dielectric cable due to lower 
Soe Taking as a typical figure Ko = 25 ppm/°C with a tolerance of +33%, 


and following the same procedure as before, we find that 


as Oe) | Cu (2.35) 
This results in an estimated r.m.s. error of 7.2° at the extremes of the 
temperature range. 

The immediate conclusion one can draw from these figures is that 
for standard cables in a nonconversion transmission system, the phase 
errors will greatly exceed the tentative guideline of 1° r.m.s. set 
forth in Sec. 1.3.3, except within a narrow temperature range near the 
calibration temperature. Recalibration for excursions in temperature 
outside this range would be a very time-consuming process and would 
waste valuable observation time. 

The tolerance figures used to arrive at these estimates are 
admittedly highly pessimistic. However, the figures would have to be in 
error by an order of magnitude or more before the resulting phase error 
estimates would come within acceptable limits. It is doubtful that any 
manufacturer would supply a large amount of inexpensive standard cable 
with a guaranteed tolerance on Np of the order of +2% or better. 
Furthermore, we must also consider the many other sources of excitation 
errors which will be present, such as the preamplifier and associated 
tuned circuits, the beam-forming circuitry, and so on. 

Although the nonconversion approach cannot be summarily ruled 
out on the basis of the above estimates, it is clear that, given the 


importance of achieving low sidelobe levels which has been a basic 
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cornerstone of the new array's design, this approach may not be the best 
route to follow. Despite the fact that it has been used in all low 
frequency arrays constructed to date, transmission without frequency 
conversion does not appear to be compatible with the combined objectives 
of small excitation errors and many independent transmission lines. 

The alternative system examined in the following sections has inherently 
better excitation characteristics, and it also introduces new 


possibilities such as frequency-division multiplexing. 


2.4 Signal Transmission With Frequency Conversion 


Thus far we have confined our attention to transmission systems 
which operate at the center frequency of the radio telescope. We shal 
now examine the attributes of systems involving down-conversion of the 
Signals at or near the array elements before transmission to the 
observatory. In many respects, little qualitative difference exists 
between the two types of system, and the results of the previous 


sections can be applied in a straightforward manner. 


2.4.1 Receiver Type: SSB Versus DSB 


The use of a frequency conversion system allows one a choice 


between the two options of single sideband and double sideband reception, 


abbreviated SSB and DSB respectively. The spectral relationships in the 
two methods are depicted in Fig. 2.5, the basic difference being whether 
signals in the band centered on the image frequency fF = Fro oF fie are 
accepted or rejected. Notice that fie is defined as the center of the 
resultant IF passband; fir = fio = ts only in the SSB case. 


DSB reception is commonly found in two-element long-baseline 
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fe = telescope center frequency 
f, = image frequency (rejected by input filter) 
fie = intermediate frequency 
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FQ. 24.5 Spectral Relationships in Frequency Conversion Systems 
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interferometers and other types of arrays which are designed to 
correlate all possible pairs of element outputs. Such instruments are 
known as correlation arrays. Each of the N(N-1)/2 pairs of elements in 
a correlation array containing N elements forms a correlation 
interferometer which measures one component of the Fourier transform of 
the source's brightness distribution. It can be shown [46] that if the 
image is retained in the frequency conversion, the output of the 
correlator will not be affected by differential phase shifts in the 
intermediate-frequency channels between the mixer and the correlator. 


For a system bandwidth B, the correlator output is proportional to [47]: 


sin mwBAt 


TBAT )(cos w 


B( At) (cos w_t) 
fe) 


IF 
where At = T - ay the delay error caused by the time difference t in 
the arrival of the wavefront from the source at the two elements, which 
can be reduced to any desired value by the insertion of a time delay ae 
into the appropriate channel. The (sin x)/x term is the decorrelation 
loss factor (see Sec. 5.3) due to the nonzero bandwidth accepted. One 
approaches the ideal response B(cos Wt) by reducing At, without regard 
to channel phase shifts. 

The proposed Tee array may be operated as a correlation array in 
a later phase of its development, but current plans call for the phasing 
of each component array to form a fan beam response, followed by cross- 
correlation of the two array outputs to form a pencil beam response. In 
this case, the immunity of the DSB system to intermediate-frequency (IF) 
phase errors vanishes. There may, however, still exist an advantage over 


the SSB system in the area of phase error reduction. Unlike the SSB 
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case, DSB conversion has no lower bound on the choice of fie imposed by 
image rejection requirements. A low IF is in fact a necessity in the DSB 
system if the sidebands are to be confined to the small area of spectrum 
available surrounding i Since transmission line phase errors are 
proportional to fies this is potentially an excellent method of reducing 
such errors. 

The central problem with transmission at a very low IF is that we 
are now dealing with a wideband signal whose spectrum covers several 
octaves. This makes the problem of faithful transmission of the signal 
inherently more difficult; the changes in cable characteristics over the 
band must now be considered. One likely medium for signal transmission 
at a low IF is polyethylene-insulated telephone cable. The changes in 
some of the electrical parameters of this type of cable in the 1-50 KHz 


range are shown in Table 2.2 below [48]. Such changes are likely typical 


Table 2.2 Properties of Standard Telephone Cable (19 AWG 


twisted pairs, measured at 27°C) 


Frequency Char. Impedance Attenuation Propag. Velocity 


(KHz) (ohms ) (dB/mi le) cu= 3x10° m/sec) 


300 - j280 


10m) 160 OR iG 


50 TiO jaa 20 0.60c 
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of other cables as well, including coaxial types. The characteristic 
impedance, attenuation, and velocity of propagation all vary widely 
with frequency, which would call for extensive use of wideband matching 
and equalization networks. Such networks would be complex and their 
characteristics difficult to reproduce. 

There are several other technical problems which make the DSB 
approach less attractive. For example, the duai-gate MOSFET, which is 
probably the most suitable device for use as the first mixer, could not 
be used at a very low IF because of its high 1/f noise output in this 
region. DSB reception would also eliminate the possibility of multiple 
use of cables by frequency-division multiplexing. For these reasons, 


an SSB conversion system is preferred for the proposed array. 


2.4.2 Image Rejection and Choice of IF 


In an SSB transmission system one has considerable latitude in 
the choice of an IF. The need for image rejection is the primary 
consideration in establishing a practical lower bound on the possible 
choices, while the upper bound depends mainly on cable attenuation and 
phase errors, both of which increase with frequency. Within these bounds, 
one may consider such constraints as channel spacing necessary for 
frequency-division multiplexing, and the desirability of placing the 
image in a sparsely-occupied frequency band. 


Image rejection may be defined by the following ratio: 


io eib oe rely 


where Mog = output voltage of mixer stage due to an input signal at the 
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image frequency fF. 

Vee = output voltage of mixer stage for an input signal at the 
desired frequency igs having the same field strength at the 
antenna element 


Both outputs are at the frequency f,._. The result of having the 


ie 
undesired signal in the output is to cause errors in excitation similar 
to those arising from inter-cable crosstalk, since the image signal is 


uncorrelated with the desired signal and can be considered a source of 


random errors. The mixer output voltage has the form 


= e je 

= + = 4 

Vehe ileletd Mie Ver (i chenenge) (2.37) 

where @ = random phase angle, assumed to be uniformly distributed from 
-m to +m radians 

The r.m.s. amplitude and phase errors are then given by expressions 


analogous to (2.22) and (2.23) derived for inter-cable crosstalk: 


A whome cou, 0/(2) /% (2.38) 


rms rms 


As in the case of crosstalk, we wish the r.m.s. error magnitudes 


from this source to be no greater than about 0.0017. The image rejection 


needed to attain this level is, from (2.38), 


vein Ole (= 52ecB) (2.39) 


This is essentially the amount of attenuation that the input bandpass 


filter must provide at f. with respect to Te however, the narrowband 
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properties of the dipole antenna element will also aid to some extent in 
image rejection. The extent of the latter contribution depends on the 
type of construction (e.g., the thickness of the conductors), the type 
of impedance matching used, and the effects of mutual coupling to 
adjacent elements. It is not possible to evaluate all of these factors 
as yet, since there are a number of unknown quantities present. It wil] 
therefore be assumed that the input filter must supply the full 
attenuation needed at the image frequency. 

Implicit in the preceding discussion is the assumption that the 
image signal encountered in practice will be of approximately the same 
magnitude as the desired signal; this assumption should be reasonably 
well satisfied for a low IF of the order of 1 MHz. To ensure that the 
image signal is minimal for a given IF, it is important that the image 
frequency be above rather than below the center frequency pe: This 
follows both from the lower probability of encountering strong signals 
of terrestrial origin at the upper frequency, and from the inverse 
relationship between background sky brightness temperature and frequency 
in the region above 10 MHz. 

To estimate the lower bound on IF choice imposed by the 
requirement of equation (2.39), it will be assumed that the amplitude 
characteristic of the input filter is approximately symmetric in 
frequency about ies so that the separation between r and fF must be 
one-half of the 52 dB bandwidth of the filter. Denoting this bandwidth 


by B 9» we have 


5 


Tam iia ee B 
Fy _e(min) = +2 = 2 (2.40) 
2 if 
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This expression will be evaluated for various filter configurations in 
Sec. 3.3.1, in which the effect of the input filter on frequency- 
division multiplex systems is considered. Final specification of filter 
type must await consideration of the excitation errors from this source 
(Secumuals lc 

For the sake of completeness, it should be mentioned that it is 
possible to design a mixer circuit which can reject the image signal 
without the use of filters [49]. The method uses phase shifters and a 
pair of balanced mixers in a circuit configuration which resembles the 
phase-shift method of generating an SSB signal. Owing to the complexity 
of the circuit and the likelihood of poor intermodulation performance, 
this approach has not been pursued further. 

Further developments in the matter of IF selection will appear 
in the following pages, since such topics as attenuation of cables, 
phase stability, local oscillator distribution, and multiplexing are all 


affected by this choice. 


2.4.3 Attenuation and Noise Considerations 

Evaluation of system noise temperature in the case of frequency 
conversion is similar to the nonconversion case (Sec. 2.3.1). The only 
differences lie in the replacement of the preamplifier by a mixer 
(possibly accompanied by a stage of amplification), and the reduction 
of transmission line losses. Table 2.3 extends the attenuation data of 
Table 2.1 to the probable IF range; the entries in the table were 
obtained with the aid of equation (2.11). Noise figures attainable in 
the mixers should not differ appreciably from those used to estimate 


preamplifier noise temperature previously, so that the criterion of 
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Table 2.3 Attenuation (dB) vs Frequency for 2.5 km Cable Runs 


RG-58/U 
FM-58 


RG-62A/U 


RG-213/U 


FM-8 


RG-218/U 


A eset 0 log) ,& for the cable attenuation remains applicable, with 
the power gain G now including the conversion gain of the mixer. A 
MOSFET mixer can yield a conversion gain of the order of 20 dB, which is 
sufficient to obviate the need for a preamplifier or IF amplifier stage 
in conjunction with the mixer, and yet still permit the use of relatively 
inexpensive cable. For example, Table 2.3 shows that RG-58/U, which is 
unsuitable for any nonconversion transmission system, would satisfy the 
attenuation criterion for an IF up to about 2 MHz given this amount of 
conversion gain. This upper bound could be extended another octave to 
4 MHz by switching to the use of RG-213/U cable, or by inserting an 
amplifier stage having about 20 dB gain. 

From attenuation considerations, therefore, we can place the 


probable upper bound on IF selection in the region of 2 to 4 MHz. 
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2. WU VEXci tat ion®Errors 
All of the topics concerning excitation errors discussed in 


Sec. 2.3.2 remain applicable in the case of a frequency conversion 


system. The shielding efficiency may be slightly improved by transmission 


at an IF, but the difference will not be large enough to significantly 
affect the inter-cable crosstalk level. Similarly, there may be some 
advantages in the area of cable trimming (e.g., improved phase detector 
performance at lower frequencies), but the differences again are not 
expected to be substantial. 

The most significant quantitative change expected is in regard to 
phase errors in the transmission lines resulting from disparities in 
phase-temperature coefficient. As we have seen from equation (2.33), the 
phase error ove is directly proportional to the transmission frequency, 
so that it is possible to reduce this particular error by the factor 
f /fie by converting to an IF. This assumes the use of the same type of 
cable in both cases, however; it may well be that the phase error 
reduction is less than this because of the use of smaller-diameter cable 
in the case of IF transmission. There is a wide variation in phase- 
temperature stability amongst such cables, the standard representatives 
of which are RG-58/U (502), RG-59/U (732), and RG-62A/U (932). Their 
phase stability coefficients eh as given by Rodriguez [39] for the 
range of 27°-85°C, are -480, -330, and -60 ppm/°C respectively. RG-62A/U 
cable has an obvious advantage in phase stability over the other types 
and is a notable exception to the general rule that small-diameter 
cables have the largest values of Mas Reference to Tables 2.1 and 2.3 
reveals that this cable also has significantly lower attenuation than 


RG-58/U, although the cost is roughly 30% higher for RG-62A/U. 
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An estimate of transmission line phase errors for the case of 
frequency conversion will now be made, assuming the use of RG-62A/U in 
the feeder system. The coefficient ite is less temperature-dependent for 
RG-62A/U than for the other common RG-type cables, and it can be quite 
adequately represented by Kee -50 ppm/°C over the full temperature 
range of -50°C to +30°C. Making the same assumptions concerning the 
distribution about Kk, as we did in the nonconversion case (Sec. 2.3.3), 
we set (AK _) = 4 ppm/°C. Using equation (2.33), the r.m.s. phase 


p’ rms 


error estimate becomes, for a given fie (MHz), 
é = 360 (12.65) (4) (10°°) F, -[ar| = 0.018f | [AT|® (2.41) 


This is a considerable improvement over the nonconversion situation; 
even at the extremes of the temperature range, assuming the cables are 
trimmed for the middle of the range, the estimated r.m.s. phase error 
has risen to only 0.72f ,°. In contrast to the nonconversion case, the 
possibility now exists of achieving a satisfactory sidelobe level 
without resorting to frequent recalibration or an automatic phase 
compensation system. 

lt would be premature to make firm design decisions at this 
point, but it does appear that RG-62A/U is clearly the best choice for 
the transmission lines. Its phase stability approaches that of the 
foam-dielectric cables, whereas it does not share the problem of 
moisture absorption into the dielectric with the latter. The attenuation 


in the IF range is also reasonably low for RG-62A/U. 
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2.4.5 Local Oscillator Distribution 

In adopting a frequency conversion transmission system, one 
necessarily introduces the complication of distributing the local 
oscillator (LO) signal to the remote mixers. Since steering of the array 
response requires knowledge of the relative phases of the feeder outputs 
at the observatory, and these in turn depend on the LO phase at each 
mixer, it is essential that each mixer be supplied with the same phase 
(or at least a known phase) of LO signal. Departures from this ideal 
situation result in excitation errors, so that the LO phase must be 
carefully controlled in order to fully realize the benefits of frequency 
conversion. 

The LO distribution system is actually a second, independent 
feeder system; one could visualize the problem in terms of the feeding 
of a broadside array with the mixers as elements and the LO as a 
transmitter. Any of the basic methods described in Sec. 2.1 could be 
used to implement the system. The choice reduces to one between the 
Single-line and branching types, independent lines being unnecessary and 
uneconomical for LO service. 

The principle attribute of the binary branching feeder is that it 
offers a path of equal electrical length from the oscillator to each 
mixer; consequently, it is self-compensating in the sense that changes 
in temperature, for example, will not disturb the relative phases of the 
outputs. The success of this compensation rests on the degree to which 
the changes are uniform throughout the system, and the degree to which 
the characteristics of the individual sections of cable are matched to 
each other. Since we are now dealing with a frequency greater than the 


center frequency, ordinary cables not designed for phase stability are 
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likely to have enough disparity in phase-temperature coefficient from 
one part of the branching system to another to result in significant 
phase errors. 

There is a second reason why an inexpensive cable of the RG-62A/U 
variety may not be a good choice for the LO system, namely the high 
attenuation of such cable at the LO frequency. Although this attenuation 
can be overcome by the simple expedient of increasing the power output 
of the oscillator, it then becomes more difficult to shield the 
oscillator adequately to prevent radiation. A strong radiated LO signal 
could cause severe crossmodulation or intermodulation problems in the 
mixer and preamplifier stages. 

The single-line feeder system calls for a minimum of transmission 
line, consisting of a single line running the length of each arm of the 
array. It too should have low attenuation for the reason just mentioned. 
Depending on how critical the mixer parameters are with respect to 


changes in LO injection level, attenuators may be needed at the coupling 


points to ensure that this level is approximately the same at al] mixers. 


The system is not self-compensating, and phase errors will increase with 
distance from the oscillator when temperature or other factors change. 
However, due to its simplicity and low cost, the single-line technique 
is highly attractive if a suitable means of external compensation can be 
found. The basic problem is the maintenance of the electrical separation 
of the coupling points at integral multiples of the LO wavelength when 
the velocity of propagation in the line changes. The only practical 
method of changing the electrical length of the line such that the 
change is uniformly distributed throughout the line is by adjustment of 


the LO frequency. A simple method of LO distribution based on this 
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concept was developed for use with the Molonglo Cross [50]; the method 
uses the Swarup and Yang technique (Sec. 2.3.2e) to continuous ly 
monitor the electrical length of the line and supply an error signal to 
the voltage-controlled local oscillator when any deviations are sensed. 


The distribution system is outlined in Fig. 2.6. 


TO 
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PS= Power Splitter PC= Power Combiner 


Fig. 2.6 Local Oscillator Distribution System 
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The transmission line for the single-line LO system need not be 
phase-stable, but it should have uniform characteristics throughout. 

In this respect, the requirements are similar to those for the branching 
system; the difference lies in the amount of transmission line needed, 
which favors the single-line system in terms of cost and likelihood of 
achieving uniformity. To illustrate this difference, consider the 
problem of supplying a signal to N mixers in a linear, uniformly-spaced 
array of length L meters. In contrast to the L meters of line needed for 
the single-line system, the branching system will need at least 

(L/2) (log,N) meters of line, assuming the oscillator is located at the 
center of the array. The difference becomes significant for large N, and 
since low attenuation is needed, this difference could be quite costly. 
The branching system also has the additional problem of coupling and 
impedance matching at the junctions. 

In addition to low attenuation, the construction of the LO line 
should offer easy adjustment of the coupling at each point where the LO 
signal is tapped off. In general, conventional coaxial lines do not meet 
this requirement, owing to the difficulty one would have in installing 
couplers. A more accessible type of line such as open-wire or air-spaced 
coaxial line would be preferred; such lines usually have low attenuation 
as well. The open-wire line would be rather susceptible to ice build-up 
and other forms of weather damage, so that the coaxial line would likely 
be the better choice. A coaxial line fabricated from iron troughs and 
copper tubing was used in the Molonglo LO system [50]; such a line would 
have a total attenuation over a 2.5 km run of only about 3.5 dB in the 
neighborhood of 13 MHz. A similar type of line was used as the feeder in 


the original Mills Cross [21], and more recently a coaxial line 
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constructed from aluminum irrigation tubing was used to feed a large 
7-25 MHz array designed for ionospheric studies [51]. 

The details of line construction and coupling arrangements remain 
to be worked out, but the combination of a large-diameter air-spaced 
coaxial line with an automatic frequency control system such as the one 
described earlier appears to be the best choice for LO distribution in 
the Tee array. One problem arising from making the LO frequency variable 


is considered in the following section. 


2.4.6 Beam Pointing Error Compensation 


The beam of the array is steered by the insertion of phase shifts, 


as given by equation (2.1); the values of phase shift needed depend on 
source direction, element spacing, and the telescope center frequency. 
Frequency conversion preserves the relative phases of the element 
Outputs, so that the same phase shifts are needed if the beam steering 
is done at an IF. A shift in the LO frequency, as required by the phase 
control system outlined in the preceding section, is equivalent to a 
shift in center frequency since the center of the IF passband (fixed at 


fi no longer corresponds to Fo The result is a beam pointing error. 


1F) 

To estimate the magnitude of this error, we consider a pair of 
elements with spacing d; a phase shift @ radians is inserted into one 
element output in order to point the beam in a direction 9 radians off 
the broadside: 


2mdf sin 0 
pea eee (2.42) 


Cc 


Now suppose that a shift Af in LO frequency occurs, changing the center 
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frequency to f 6 + Af. The phase shift $ now corresponds to a new beam 


direction 6 + A® determined by 


and(F + Af)sin(® + A6) 
¢= ——— (2243) 


Cc 


Equating (2.42) and (2.43), we get 


sin(@ + A@) f 
ee ee ee (2.44) 
sin 0 f + Af 


Assuming that Af << Es and A@ << 1, (2.44) can be simplified to 


F 
1 + A@(cot 6) = s 
f +af 
oO 
-Af (tan 0) -Af (tan 6) 
Gia, a a a (2.45) 
f + Af f 
(@) @) 


The beamwidth of the north-south array of the Tee for a zenith 


angle 8 will be approximately 64 30(sec 6) arcmin. If we wish the 


BW 
pointing error to be small, say an order of magnitude less than the 
beamwidth, then we must have |A6| < 85/10. Inserting this expression 


into (2.45), with 6,,, expressed in radians, we have: 


BW 
[Af (tan @) | m(sec 6) 
Qe ee eee 
Je 3600 


f_jcsc 0] 
or, hoe (2.46) 


1146 
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The pointing error is worst at large zenith angles, for which [csc Ole): 
Using this approximation and fs = 12.36 MHz in (2.46), the requirement 


on the LO frequency shift becomes 


laf] < 11 KHz (2.47) 


A frequency shift of this magnitude would indicate a change from the 
nominal electrical length of the LO line of about 820 ppm, for an IF of 
] MHz. It is quite probable that changes in the length of coaxial lines 
of the type described in the preceding section could approach this value. 
The changes at the Molonglo LO installation amounted to about 180 ppm 
from the nominal length [50], but the range of temperatures encountered 
at the Alberta site would be considerably greater than at the Australian 
site. 

Rather than attempt to design the LO line to minimize Af, a more 
satisfactory solution to the problem of pointing errors is to perform a 
second frequency conversion (after transmission to the observatory) in 
which the second LO frequency is derived from that of the first in such 
a way as to keep the center frequency constant. This concept will be 
incorporated into the frequency-division multiplex systems discussed in 


the next chapter. 


2.5 Protection from Lightning 


Regardless of which feeder/transmission system configuration is 
decided upon, protection of the array from damage by lightning strikes 


must be considered as an integral part of its design. A direct hit on 
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the array could have catastrophic consequences; widespread destruction 
of cable and electronic systems would be almost inevitable if steps were 
not taken to protect them. 

There are two basic approaches one can follow to secure protection 
from lightning, with the most effective system involving a combination 
of the two. The first involves shielding of the protected area by the 
use Of masts and overhead lines. Extensive data on determining the 
efficacy of a particular shielding configuration has been given by McRae 
and Hromass [52]. Good grounding practices [53] are essential in 
shielding installations to prevent flashover to protected components. 

The second facet of lightning protection is more passive, 
concentrating on preventing the electronic systems from being damaged by 
the surge voltages induced by nearby lightning strokes. The protective 
device usually consists of a circuit element at the input to the 
electronic circuit which breaks down at a given voltage and provides a 
low impedance path to ground for the surge current. One protective 
device which has proven effective in telemetry applications [54] combines 
several such elements, including a zener diode, a fuse, and a carbon- 
block lightning arrestor similar to those used in telephone work. 

lt is likely that operation of the array would be suspended in 
the presence of thunderstorm activity. The surge protectors could then 
consist of shorting switches, to be activated at all times that the 
array is not in use. The topic of lightning protection is obviously one 


which requires further study. 
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CHAPTER 3 


MULTIPLEXING IN THE FEEDER SYSTEM 


Sea Multiplexing: An Overview 


As we have seen, one of the fundamental prerequisites for 
versatility in the Tee ae the independent return to the receiver 
site of a large number of array outputs. The cost of cable acquisition 
and installation, and the physical problems involved in cable placement 
with tolerably low crosstalk levels, make this a difficult proposition. 
lt is desirable, therefore, to investigate the feasibility of 
multiplexing several of these signals onto each transmission line. 

Multiplexing is achieved by arranging that the signals be 
distinguishable by virtue of their differences in time, frequency, or 
phase. Leaving aside the special case of phase-quadrature multiplexing, 
which when used alone is limited to only two signals, the basic time and 
frequency multiplexing systems are similar as far as their limitations 
are concerned. In both cases, the degree to which multiplexing can be 
utilized in a given situation is determined by the two fundamental 
considerations of bandwidth and crosstalk. The manner in which these 
factors arise and the technical differences in implementation wil] 


determine which system, if any, is most suitable. 
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3.2 Time-Division Multiplexing 


Time-division multiplexing (TDM) can be implemented in a number 
of ways, depending on how the information to be transmitted is encoded; 
we shall first consider one of the simplest implementations, pulse- 
amplitude modulation (PAM). A PAM modulator consists of a sampling gate 
which is commutated periodically amongst all of the signals to be 
multiplexed. It also includes provision for the generation of 
synchronizing pulses which are distinguishable in some way from the 
samples. The demodulator performs the inverse operation to separate the 
sampled signals, followed by filters to recover the original signals 
from the sampled spectra. 

The sampling rate required at the modulator depends on the 
bandwidth of the input signal, which in turn is a function of the input 
filtering and the spectral density of the signal delivered by the 
antenna. It will be assumed that the bandwidth is sufficiently smal] 
that the spectral density of the input signal can be considered to be 
flat. The signal bandwidth at the output of the first bandpass filter is 
then essentially that of the filter itself. If the filter has bandwidth 
B such that signals outside the frequency range fy Sat he S F \+B are 
attenuated to a negligible level, the sampling theorem for bandpass 
signals [55] states that the minimum sampling frequency needed for 


distortionless reproduction is given by 


f (min) = 2B(1 + wey) (an) 


where M = [F/B]; i.e., the greatest integer in F/B 
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and k = (F/B) eH 
When f, is considerably larger than B, as will be the case in the 


proposed array, equation (3.1) can be simplified to 
f , (min) a2 (342) 
A section of the output spectrum resulting from sampling at the 


minimum rate is depicted in Fig. 3.1 below. We are concerned with the 


recovery of the signals in a narrow band centered on ie in the input 


Relative 


Response 


(dB) 


Key: — Response of the input filter 
---- One of the adjacent sidebands 
seoeere Ultimate system response after 


secondary filtering 


Fi Gum Saul Section of Sampled Signal Output Spectrum 
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Spectrum, but we must also accept some unwanted signals due to the 
sidebands generated by the sampling process. The interference from these 
sidebands, only one of which is shown in the figure, may be considered 

a form of crosstalk. Assuming that the input filter response is 
approximately symmetric with respect to fo the crosstalk level a will 
be numerically equal to the attenuation of the filter for a bandwidth 

of 2B (i.e., we are assuming that the points in + B have the same 
attenuation ). This assumption is valid provided that B is sufficiently 


prety3 
small that BUrare june B)] 


20,2, Ofsein Other words, tf. > Be 
fe) fe) 

Since the interfering signals are uncorrelated with the desired 
signals, the analysis of this crosstalk can follow the methods used for 
inter-cable crosstalk, which was considered in Sec. 2.3.2(f). The r.m.s. 
excitation errors are found from equations (2.22) and (2.23), taking 


account of the fact that only the two adjacent sidebands contribute 


significantly to the crosstalk: 
A = 6 = a (3.3) 


As in the previous cases of reducible excitation errors, we set 0.0017 
(6 = 0.1°) as an upper limit. To achieve a = 0.0017 (-55 dB), the 


sampling rate must be, according to (3.2), 


f . (min) ~- 2B 2 Bes (SH) 


where Bee = the 55 dB bandwidth of the input filter 


Let us assume, for the sake of obtaining some numerical results, 


that the input filter consists of one or more double-tuned, critically- 
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coupled stages (this choice will be reconsidered in Chapter 4 in the 
light of excitation errors caused by the filter). The bandwidth BY 
corresponding to a given attenuation a for such a filter is [56]: 

fe) 


BY s i, The soiree oF t (355) 


where q = number of stages 


© 
I 


geometric mean of the primary and secondary loaded quality 
factors 

When we set i. = 12.36 MHz, and choose Q such that the 3 dB bandwidth is 
200 KHz so as not to restrict the possible system bandwidth to less than 


this figure, we find from (3.5) the following 55 dB bandwidths: 


Guss me Be el 8 MZ 


qe su2uit 6B =  |.2,MHz (3.6) 


Larger numbers of stages would make uniformity very difficult to 
achieve, and the excitation errors from this source would quickly 
exceed those due to crosstalk which we are attempting to reduce (see 
Sechey ial). 

Having the necessary sampling rate for our PAM system, it remains 
to determine what difficulties lie in the transmission of a series of 
pulses over a distance of 2.5 km. If we are to multiplex m channels onto 
one line, then the pulse repetition rate becomes mf, so that each pulse 
is alloted a ''window'' of Ci sec. In practice the pulse rate must be 


greater than this, since we must also allot one or more channels to a 


synchronizing pulse which is readily distinguished from the sample 
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pulses; we accordingly set the pulse rate at (m+ 1) eae The size of the 
window is then 42 ns for q = 1 and 167 ns for q = 2 when we set m= 4. 
Even in this example of only four multiplexed channels, it will become 
evident that the transmission of the pulses without crosstalk is not 
easily accomplished. The source of the crosstalk is the non-ideal 
attenuation-versus-frequency characteristic of the cable, which results 
in distortion of the pulse such that it has not fully decayed when the 
next one appears. 

Pulse distortion on toaxial lines has been analyzed by Wigington 
and Nahman [57] under the assumption that the distortion is solely due 
to skin effect. This means that the attenuation must follow the half- 
power law (see Sec. 2.3.1) closely in the frequency range of interest; 
this proves to be the case for most common coaxial cables in the 1-100 
MHz region. The output waveforms were found corresponding to input 
pulses with risetime i (assumed to be a linear ramp), and the results 
are applied to a particular cable type by multiplication by a 
normalization factor ky? 

[o. 115a(F)]? 
iy FN SN Taare aed (3.7) 
where A(f) = total attenuation of the cable, dB, measured at f Hz 
This factor, evaluated at 10 MHz for a 2.5 km length, is given for some 
common coaxial cables in Table 3.1. 

The results of Wigington and Nahman show that if the input rise 
time te is of the same order of magnitude or less than Ky» the output 
waveform has rise time (no longer linear) of the order of 100k). 


However, in the present case it is not necessary that the output reach 
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Table 3.1] Normalization Factor for Cables 
Cable Type ka (ns) 
RG-58/U 1000 
RG-62A/U 580 
RG-213/U 310 
RG-218/U 38 


the peak value of the input, since some attenuation can be tolerated; 
if we permit 13 dB loss (see Sec. 2.3.la), the output pulse need only 
rise to log? (-137209 = 0.22 of the peak value. For this to take place, 
one must have a time interval of about 2k. Inspection of the figures 
in Table 3.1 reveals that of the cables listed, only RG-218/U has a 
sufficiently smatl value of ky that a pulse of duration 2k, can be 
accommodated in the 167 ns window for q = 2. 

Figure 3.2 shows the calculated response of 2.5 km of RG-218/U 
to a series of pulses with 2k, width (76 ns), rise and fall times of a 
few nanoseconds, and unity amplitude. Only two pulses are shown for 
clarity, and their amplitudes are the same, although this will not 
generally be the case in a PAM system. Two effects are immediately 
evident from the figure: severe distortion of the shape of P given 
pulse, and crosstalk caused by the slow decay of the previous pulses. 


The pulse distortion alters the shape of the sampled spectrum, but this 
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tT = propagation delay of the cable (2.5 km length) 


Fig. 3.2 Normalized Pulse Response of RG-218/U Cable 


problem can be overcome by a suitable choice of filter transfer function 
in the demodulation process [58]. It is the interchannel crosstalk which 
poses the more difficult problem, since it cannot easily be dealt with 
after the fact. From Fig. 3.2 we see that at the time at which the 
response to the second pulse attains its peak value of 0.32, the response 
to the preceding pulse has only decayed to 0.05; the addition of the two 
results in a 15% amplitude error in the sample represented by the second 
pulse. Earlier pulses will also contribute some crosstalk. Despite the 


use of a two-stage input filter and rather expensive cable, the PAM-TDM 


89 


an Bf = , to exinu ot jromit : 

“(dapost mat 2.8) sides eda TOA TROD O, "a, ot - 
elds? UNSTS-98 Yo aoe Eee 
ae 

notion? y972nss 19311? ¥6, 2 todd vicasilinin,whanenene, od nea .maldqaq 

dati Aleszzors Tannsrlayein) ot 2t 20 (B82) fessorg noi zstubomab: ond a 

faiw 2teb ed yi izes toniony of, ante, qemhiens thug i37 lb srom ea 29209 : 

arts doinw 46 omit ond 36 sans 82 oH S-£ ~@I9 mov? .2967 eft reste ~ 
senogzs” adi ,S€.0 to aulev seq 2 aniigate sefuq broaee efi od eanogaen 
on vignette Li ooh «ina crlue nolan avidly B 


transmission system is inadequate even for the case of only four 
channels. 

A possible solution to the crosstalk problem lies in the use of 
pulse-code modulation (PCM) to transmit the signals in digital form. 
The modulator could consist of a PAM modulator plus an analog-to-digital 
(A/D) converter which converts each sample into a binary word, which is 
then transmitted serially as a stream of bits. Since one is now only 
concerned with differentiating between two possible states in the 
incoming series of pulses at the demodulator, a relatively large amount 
of pulse distortion can occur without causing crosstalk. 

The number of bits needed in each word depends on the number of 
quantization levels used, which in turn depends on the amount of 
quantization noise which can be tolerated. This noise is an expression 
of the error in the reconstructed waveform due to quantization; it is a 

zero-mean random fluctuation similar in character to thermal noise. It 
can be shown [59] that for P levels of quantization, the signal-to- 
quantization noise power ratio approaches p2 for P >> 1. We wish to 
reduce this noise power to the point that the fluctuations are not 
detectable at the receiver. Recalling from Sec. 2.3.1 that the expected 
r.m.s. system noise temperature fluctuation is about 2000°K and the 


Do 


maximum system noise temperature about 2 x 10° K, we must have 


or, Pts B19 (3.8) 


For negligible deterioration in sensitivity, the quantization noise 
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temperature should be about one-fifth of CAT) Tes which would call for 
P = 22; however, it will be assumed in this evaluation that P = 16 is 


adequate. This means that each sample is represented by a 4-bit word. 


The pulse repetition rate needed for this PCM-TDM system is ‘mf _. 


Taking m = 4 and ie = 1.2 MHz as in the PAM system, the rate becomes 
19.2 MHz, corresponding to a window of sa 52 ns per pulse. Again 


referring to [57], it can be shown that if a cable has k, > tr a pulse 


A 
generated within one window will decay only slightly during the period 
of the following window. This gives rise to the possibility of errors 
in the identification of the value of a bit. RG-218/U is again the only 
cable listed in Table 3.1 which is useable, but unlike the PAM case, it 
can provide a PCM system which is free of crosstalk caused by pulse 
distortion. Less expensive cables could be used in conjunction with 
regenerative repeaters [60], but the net cost would likely not be 
reduced appreciably, and timing errors would increase. 

The A/D converters in the PCM system must have 4-bit resolution 
and a conversion rate of mf | MHz. For the particular case under 
consideration, the conversion rate needed is 4.8 MHz, which is well 
within the state of the art; 4-bit converters featuring speeds up to 
100 MHz are presently on the market. The major stumbling block in 
implementing the system would occur in attempting to condition the 
signals to match the input voltage range, typically +5 volts, required 
by the A/D converters. The signal voltages involved would be very much 


smaller than this range. The available power from an antenna element is 


kT ,B, and the mean-square voltage output, after filtering, is 
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where k = Boltzmann's constant (1.38 x 10 “7? joules/°K) 


ue 


R 
fo) 


antenna noise temperature, °K 


radiation resistance of antenna, ohms 


equivalent noise bandwidth of the input filter, Hz 


We shall assume that Te = 2x 10° °K and Re = 3002 (approximate 


radiation resistance of a folded dipole element); B will be approximated 


by the 3 dB bandwidth, 200 KHz. Using these quantities in equation (3.9) 


gives vi = 1.66 x 10he° ues or an r.m.s. voltage of 13 uwV. This is about 


five orders of magnitude smaller than the input levels required by the 
A/D converters. Some increase in voltage will occur as a result of 
impedance matching to the multiplexer circuitry, but an amplifier with 
at least 80 dB voltage gain will also be needed. This is an unpleasant 
prospect, since achieving stability over the wide temperature range plus 
good unit-to-unit uniformity in phase and amplitude characteristics 
would be extremely difficult. 

The PCM system requires a fairly complex demodulator to correctly 
sort out the incoming data. In addition to bit synchronization, which 
tells the detector when to decide the value of an individual bit, there 
must be provision for determining the start of a word and the start of 
an m-word multiplex frame. Synchronizing the clock generators at all of 
the multiplexers is a problem comparable to LO distribution in an analog 
transmission system. Another complication would arise from the need to 
compensate for the relative phase shifts between the channels introduced 
by the serial nature of the signal transmission. 

Considering the numerous shortcomings mentioned above, it is 
difficult to find merit in a TDM scheme for the feeder system of a large 


array such as the proposed Tee. 
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3313 Frequency-Division Multiplexing 


5.301 Basic System Design 


A second possibility for the sharing of transmission lines is 
frequency-division multiplexing (FDM). A simple two-channel FDM system 
is illustrated in Fig. 3.3, in which adjacent array outputs are 
ponreeted to different IF channels before addition of the signals ina 
power combiner. At the output end of the transmission line, the channels 
are separated by bandpass filters and the original frequency is restored 
by a second conversion. A practical system would likely differ from that 
shown in several respects. For example, the outputs of the second 
conversion could be at some appropriate second IF rather than at r 
and the bandpass filtering might be deferred until after the second 
conversion, making all of the filters identical. These possibilities 
will be discussed after the preliminaries have been considered. 

As in TDM, it is the bandwidth of the input filter which is the 
basic determining factor in the extent to which FDM can be implemented. 
The bandwidth governs the frequency separation needed between channels 
in order to maintain the inter-channel crosstalk below a given level. 
The situation is similar to that depicted in Fig. 3.1 if we now consider 
the responses shown to be those of two neighboring IF channels. As far 
as bandwidths and crosstalk levels are concerned, the relationships are 
the same as those discussed in Sec. 3.2; if we adopt the same criterion 
concerning excitation errors as before, the crosstalk level must again 
be held to -55 dB, as given by equation (3.3). We assume here, for 
simplicity, that each of the m channels receives equal crosstalk 


interference from two adjacent channels, with all other contributions 
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To meet the criterion of -55 dB inter-channel crosstalk levels, 


the channel separation must be approximately Boo/2s where B is the 


55 


55 dB bandwidth of the input filter as introduced previously. This and 


other pertinent data are summarized in Table 3.2 for a variety of 


possible input filter configurations [56],[61]. In each case, the 3 dB 


bandwidth has been set to 200 KHz. 


Table 


Type 
of 
Filter 


Doub le-Tuned 
Vcrlt.coup.) 


Doub 1e-Tuned 
(crit. . coup.) 


Butterworth 


Butterworth 


Note |: 


Note 2: 


Sie” FDM System Parameters for Various Input Filters 


: Minimum é Possible 
Number | Trans. or Se. Channel fp (min) Channels 
of Funct. : Spacing| (Note 1) | (Note 2) 
Stages | Order B, Bio Bes =B,,/2 Bop /4 m(max) 
1 3 O227 (2-08 438 2.4 ez Te) 
2 6 OBZ Or ON alee 0.6 Ors. 5 (3) 
3 6 Rea URI Ah iad! 0.85 0.43 2 (3) 
h 8 0.2°| Of631"0-90 0.49 0.25 6 (4) 


From equation (2.40), f,-(min) = B o/h. Here we assume that 


IF 5 
B <b ee 
By f -(max) - f,_(min) 
m(max) = greatest integer in ———————————— + ll. 
Be g/2 


f,_(max) = 2.7 MHz, assuming 20 dB mixer conversion gain and 
the use of RG-62A/U cable. Figure in brackets is for a 


minimum IF of 1 MHz. 
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In the case of the one-stage double-tuned filter, the necessary 
channel separation exceeds the available range of F | - (max) - fie (min), 
so that no multiplexing is possible if the crosstalk criterion is to be 
met. Adding a second double-tuned stage improves the picture markedly, 
as there is now sufficient frequency range to accommodate five channels; 
however, this would mean placement of the lowest-frequency channel in 
the vicinity of 300 KHz. At an IF this low, one is faced with the 
problem of transmitting a wideband (about two octaves) channel, leading 
to dispersion in the cables and other obstacles mentioned previously in 
Sec. 2.4.1. To reduce the problems related to wideband transmission, a 


lower bound of about 1] MHz will be placed on f the results of doing 


IF? 
so are shown in the table. The approximate upper bound of 2.7 MHz could 
be increased by adding preamplifier stages to the mixers if the added 
cost is warranted by the improvement in multiplexing capability. For 
example, an additional gain of 20 dB would raise the upper bound to 
about 5.5 MHz. 


Having found that it is possible, in principle, to transmit 


several FDM channels on one transmission line, let us now examine in 


more detail some of the technical aspects of implementing such a system. 


Figure 3.4 shows a two-channel FDM system which differs in two respects 
from that shown in Fig. 3.3. One change is that all outputs of the 
second conversion are at some new frequency Li rather than the center 
f requency fo The reasoning behind this change lies in the presumption 
that a lower frequengy output will facilitate further signal processing 
such as beam-forming; it may well be, however, that re would be a 
satisfactory choice. In any case, the additional hardware required for 


conversion to ie is quite small, consisting of a stable oscillator at 
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frequency fi plus m mixers and lowpass filters for the entire array. The 


output frequency is determined by the relationship 


ig tome me 1h Pee aia eno) 


The frequency of the heterodyne oscillator is therefore fi = ie - Feo? 
independent of Fie: The second LO is derived from the first such that 
changes in fio will not result in pointing errors (Sec. 2.4.6). 

The ecw change appearing in Fig. 3.4 is the removal of the 
bandpass filters preceding the second conversion (hereafter referred to 
as channel filters to distinguish them from the input and output filters 
shown in the figure) which normally appear in an FDM system. The output 
bandpass filters then perform the dual function of demultiplexing and 
setting the system bandwidth. Since these filters are needed in any 
event, this implementation of FDM does not call for the addition of any 
new filters compared to the case of no multiplexing. Elimination of the 
channel filters is highly desirable because they are designed for m 
different center frequencies, which makes it particularly difficult to 
match their phase and amplitude characteristics from one channel to 
another. 

To determine whether this is indeed a viable system of 
multiplexing, it is necessary to examine carefully the implications of 
allowing all of the IF channels to reach the aerond mixers undiminished 
in strength. The danger in allowing this to take place is that the 
intermodulation products generated in these mixers will result in severe 
crosstalk and hence excitation errors. This possibility will be 


considered in the next section. 
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In considering the second frequency conversion, one must again be 
aware of the need for image rejection. In converting a given IF channel 
to Feo f rom Figs we also convert to re any signal present at the image 
frequency fie + 2fio According to the criterion for image rejection 
derived in Sec. 2.4.2, the signal level at this frequency should be down 
at least 52 dB relative to the level at fie: For convenience, we shal] 
instead use -55 dB so that the figures compiled in Table 3.2 can be 
used in this evaluation. If the channels are closely spaced at less than 
twice the minimum allowable spacing of Boo /2s then the lowest image 
frequency meeting the requirement is approximately given by the upper 
-55 dB point of the highest-frequency channel. To make the relation more 
general, consider an m-channel FDM system with channels at center 
frequencies of Fis Forces Mies in ascending order of frequency. The 
minimum allowable value of is that which provides adequate image 
rejection in the conversion of f, to f. 


] io’ 
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or, F. (min) = —(f - f, + Bee) C33 11) 
3.3.2 Crosstalk from Intermodulation Distortion 
Our examination of TDM revealed that crosstalk will result from 
insufficient sampling rates and from variations in the amplitude-versus~ 
frequency characteristic of the transmission medium. The second source 
proved to be much more difficult to handle than the first. Not 
surprisingly, the situation with FDM is analogous; one source of 


crosstalk, as we have seen in the previous section, is insufficient 
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channel spacing. A far more troublesome source of crosstalk is 
nonlinearity in the transmission medium. 

The transfer characteristic of a device in the transmission path 
of the multiplexed signals can be expressed as a power series expansion 


of the output voltage a in terms of the input voltage Ve: 
V+ anv, + av? (3.12) 


Nonlinearities of higher than third order seldom contribute significantly 
to the output if the operating region of the device being modeled is 
suitably chosen; the series is accordingly truncated at this point. In 
the present case, the DC term ay is not of concern. Of the other terms, 


one generally wishes to minimize all but a, in an amplifier or passive 


! 


element, and all but ay in a mixer. 

Intermodulation (IM) distortion refers to all of the undesired 
outputs resulting from the nonlinear terms in equation (3.12). The IM 
products have frequencies and amplitudes bearing definite relationships 
to those of the input signals. The only devices in the FDM system which 
would be likely to have sufficient nonlinearity to cause IM problems are 
the second mixers, and it is the IM levels which will determine the 
feasibility of eliminating the channel filters which would normally 
precede these mixers. The question to be answered may be stated as 
follows: if the entire FDM spectrum is allowed to reach the mixer, can 
an IF output frequency fo be found which is sufficiently free of IM 
products that tolerable crosstalk levels are not exceeded? The answer 


depends on the number and the placement of the channels, and on the 


properties of the mixer (i.e., the coefficients Ay» Ay» a,)- 
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In principle, given the spectral density of the input signal plus 
these coefficients, one can use the transfer function of (3.12) to 
determine the spectral density of the output. In practice, this is very 
difficult to do, except in the case where the input consists of a few 
discrete frequencies. In the classical treatment of IM distortion by 
Bennett [62], results for discrete frequencies are extended to 
continuous FDM channels by making certain assumptions such as considering 
each channel to have a rectangular spectrum. Other assumptions 
appropriate to telephone work such as intermittent channel usage are 
included, and the analysis does not consider mixers. 

To illustrate the nature of the spectrum which one would find at 
the output of a second mixer when no channel filters are used, a simple 
two-channel case is depicted in Fig. 3.5. To keep the picture from 
becoming hopelessly cluttered, it is assumed that a two-stage double- 
tuned input filter precedes the first mixer, and that the IF channels 
centered on Fy and f, are well separated in frequency. The channel 
frequencies are arbitrarily chosen, within the constraints discussed in 
the preceding section, to be Fy = |] MHz and fn = 2.5 MHz, and the IF 
output is set to Lys = 1.75 MHz to avoid the first-order responses in 
the output. The LO is placed at fy = fy au Tes = 2.75 MHz, as required 


for the demodulation of channel #1; a similar spectrum would exist in 


the other channel, where the LO needed is at f sake 4,25 MHz. The vertical 


E 
extent of the spectra in Fig. 3.5 are roughly indicative of their 
relative spectral densities, but no attempt has been made to scale them 
accurately. 


The figure clearly shows which IM products may be troublesome for 


this choice of frequencies, the significant responses being the second- 
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order ones at le - f, (1.5 MHz) and 2f, (2 MHz), and the third-order 


l 


ones at fy + fF, - f, (1.25 MHz) and f, + 2 - fi, (1.5 MHz). None of 


the peaks fall within 250 KHz of Feo but the nearby responses are not 


l 


greatly attenuated at this frequency. It is not difficult to visualize, 
using Fig. 3.5, the results of adjusting one or more of the variables; 
for example, if one were to shift F, and ty 250 KHz higher in 
frequency, Feo would remain at 1.75 MHz but the second-order responses 
at f, = fy and 2f, would shift to 1.25 MHz and 2.5 MHz respectively. 
This would greatly reduce the second-order interference, but at the 
expense of making the third-order interference from the products at 

2f, “ot and fy + Fy 2 f, worse. The net effect would likely be 
beneficial since the third-order products would be much weaker than the 
second-order products in a well-designed mixer. 

It should be noted that the IM situation may be quite different 
for the demodulation of channel #2. In this case we have a higher LO 
frequency; the second-order interference does not change appreciably 
from the previous case, but the troublesome third-order products at 
1.25 MHz and 1.5 MHz are now removed to 2.75 MHz and 0.75 MHz 
respectively, and no new products appear near ee The IM interference 
level will therefore be somewhat less in this channel. 

The preceding example illustrates the difficulties inherent in 
an analytical approach to optimizing the choice of channel and output 
frequencies for minimum crosstalk. The picture worsens rapidly as the 
number of channels m increases; for large m, the total number of second- 
order products becomes proportional to (m+ bc and the total number of 


third-order products to (m + 1)? [63]. .As a result of this complexity, 


it is felt that an empirical approach involving simulation of the FDM 
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Spectral 
Density 
(Log. 
Scale) INPUT 
SPECTRUM 


OUTPUT SPECTRUM: ALL FIRST- AND SECOND-ORDER PRODUCTS 


Plus First-Order Feedthrough 


OUTPUT SPECTRUM: ALL THIRD-ORDER PRODUCTS BELOW 5 MHZ 


Intermodulation Products of a Mixer 
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system is the best way to evaluate the IM interference levels. A 
possible method of simulation is shown in Fig. 3.6 for a two-channel 
system; the extension to larger numbers of channels is obvious. The 
noise generator and shaping filter simulate the output of the dipole 
antenna element, while the remainder of the test set-up resembles the 
actual FDM system. Replacement of the transmission line by an attenuator 
reflects the assumption that amplitude equalization will be included in 
the actual transmission system (see Sec. 3.3.5). The variables fy, f,> 
and Li can be adjusted while the output spectrum is examined; it will be 
necessary to make provision for temporarily removing the signals in the 
undesired channels to observe the effect on the desired output. A 
channel filter can be inserted after the attenuator to determine the 
improvement in crosstalk that it can provide. 

The measurement procedure described above is itself rather 
complex, since we have m+ 1 variables to adjust, and the demodulation 
of each channel must be examined in turn for each choice of these 
variables (i.e., the channels are allocated, and then iy is adjusted to 
produce the desired Me in each case). One can simplify the task 
somewhat by following certain guidelines: 

(1) The frequencies can be selected to minimize interference 
from second-order IM products. Since in choosing ie we must avoid the 
first-order outputs centered on fis Fareees es which result from both 
the V; and the v? terms of the transfer function, it would be helpful to 
arrange that the second-order products also fall on these frequencies. 
One can accomplish this by assigning channel frequencies which are 
harmonically related to that of the lowest-frequency channel (f,). Meeks 


will insure that all second-order products will appear at multiples of 
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fy. leaving the inter-channel spaces relatively free of IM products 


other than third order. Assuming the assignment of of = jf, is adopted, 


1 
the testing procedure is greatly simplified, since f, must be at least 
as large as the minimum channel spacing and there will be less latitude 


for adjustment of frequencies: 


B 
fle 2 
2 
and fe - mf, < F (max) 
B f, _ (max) 
hence 22. < fy < ell aete) (3715) 
2 m 


If, for example, we take the case of m= 4 and a two-stage double-tuned 
input filter, we find from (3.13) that the bounds on f are 600 KHz and 
650 KHz under the assumptions upon which the figures in Table 3.2 were 
based. The testing is thus essentially reduced to the selection of Ey 
for minimum IM crosstalk. The most serious drawback to this scheme of 
channel allocation is that it may call for placement of Fy at a lower 
frequency than one would want from consideration of the problems involved 
in the transmission of a wideband channel. Even if it is not rigidly 
adhered to, the principle of harmonically relating the channel frequency 
assignments may prove useful in reducing the IM interference. 

(2) The demodulation of the lowest channel at Fy will tend to be 
the worst case in terms of IM crosstalk. The reason for this tendency is 


that this case involves the lowest LO frequency Fy = fy + tr which 


tends to concentrate the third-order products involving fy in the lower 
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part of the spectrum where we wish to place Feo Thus the crosstalk for 
this choice of f should be examined first, as it will likely be the 
best indicator of whether a given choice of ie is suitable. 

Up to this point we have tacitly assumed that Feo should be as 
low as possible, since the final bandpass filtering and (unless a third 
frequency conversion is performed) all other signal processing must be 
done at this frequency. It has not yet been established, however, what 
the optimum value of feo might be. Moderately high frequencies have been 
used for processing in other installations; in some, no frequency 
conversion is used (10 MHz and 22 MHz arrays at Penticton), and in others 
the final IF is quite high (5.5 MHz in the Molonglo Cross, 5 MHz in the 
Clark Lake Téepee Tee). In one sense, a high frequency is desirable 
since it results in a more narrowband signal; on the other hand, if one 
wishes to use active filter configurations and devices such as 
integrated operational amplifiers for the signal processing, a low 
frequency is essential. 

The use of a high ne greatly increases the Ttikelihood that 
channel filters can be dispensed with. It becomes much easier to avoid 
IM crosstalk because the majority of IM products are clustered around 
the original channel frequencies. If the choice of ne is restricted to 
frequencies above 3f > which is highest-frequency IM product not 


involving f then all first- and second-order products plus all third- 


ae 
order inter-channel products can be disregarded. In the spectrum between 
Bim and i there appear, in addition to the desired output at Feo only 
third-order products of the form iy = any and LG + a an Lie a census of 


these products shows that there are exactly me such products in this 


range. For m = 2, the relevant products are Fe - 2f i, r “4 2f,> 


7 4 

nsed sve esionsupoi? dein yiste1sboM «sd teipim —.? to ouley mumitqo ods” r 
7 

: 


ee ee ai itate | 

ada od yfod TT Lhiw 3h sR ore pes 92 Horta 

siderive 2t |) 20 soo navies setsor Yo:eneatbal ated 

269d biuode: > detts coal yixiaes sved ow sntog eid os qu” “4 +e 

bildt s atcad bne palist fT? ezsqbiied Tacit ol? o5nle ,efdletog’ es wor aa 

sd dem pntezdeora fenple rete Te (bamietien <i noizvevnes yoneupsy? 
tedw ,yovewod ,bedelidetes nsed sey f6A aot 1 .yoneupsi? eid? 36 snob 


yonsupsy? on ,smo2 ni yencitelisieni a. nt pnrizeassotq 107 baste 


evarto ai bas , (nejoliinsd te events SHM SS bre <i Ol) beeu el sheila 


ory al sHM 2 . 22070 ofpnolomM ora ai sHM 2.2) Heid eotup.2ef VU lent? srt 
sidatiesb 2] yonsupe) pid s ,sense sno nl . (set soqesT oiled ayeld ue 


ano ti .bned t9dto so no cleaple brsdwovten srom se ni astugey 34 and 


i 
7 aw? _ : {9 


4 7, PUSGNE 


- 

o 

‘ 

. 

26 dove 2sdiveb bane encizsiupTinos yss!T? evitse sev of cds 7 

wol & ,pnizesdo1q benpl2 ete 107 evel titans Sener nemngS fh 
, saa 


.Isl3nszee 21 yonsupet?t — 


‘eupe 
dan? boodifodtf siz zesesotani yl deere oi fgirn 6 to sev onT 


ner ’ 
biove of 19l%es rim ewmosed 34 -?tw beenaqelb od nso eves 1 Ian nae 
bnuois bsisteuls sie 2touborvq MI to yiivolse ef? ozusaed aeseeon9 bcs 
oy batdiites. et Pi to sotona ofy TH, ocwmnnenlt fanners Aaalgtyo ay: iD 
son we MI vaneups7?~9 are fir a nb iiw tmre svode eolonaupen? a 
“br int Ile ait esouborg nabye-bnass2 bas “T2117 IIs nena : path a  fe 7 


neewisd masssqe sia nl bab epsretb of a0 2jaubo1q tennerto-neant yebio 
xtno , _,) Jp 2ugiuo berizob ed oy nolatbie al yes anal Joe gE 


tinh) ee ‘ ez A? eal 


We Bases 6 + 14) bie he © Yam at to ssotone — 
eae eer 5 swols: asputio 


> ia | ch nig ge. Wad 


med at “34 v4 = Vom exsuberg opi nares ae 


108 


fo Se iz - fo» and f, = f, < fo3 By the simple expedient of setting 

f, = 3f One can insure that the peaks of no IM products will fall 
within the range ies = fie The IM products are less easy to avoid for 
larger values of m, but one can see that the levels of IM interference 
are generally diminished for the higher-frequency choices of Feo: One 
possible choice for U is the center frequency Line in this case the 
same LO can perform both conversions, as was shown in Fig. 3.3. In view 
of its simplicity, this choice should be investigated first, followed by 
attempts to improve the IM crosstalk situation by selecting other 


frequencies for Feo The final choice will probably be influenced by 


decisions regarding the beam-forming techniques to be used. 


3.3.3 Local Oscillator Distribution and Phase Equalization 


A suitable LO distribution system for single-channel IF 
transmission was described in Sec. 2.4.5. The most obvious system for LO 
distribution in the FDM system is obtained by simply duplicating the 
single-channel arrangement for each additional channel. Other possible 
methods include the distribution of a single signal from which all of the 
necessary LO signals can be derived, or the transmission of all of the 
LO signals over the same line, to be separated by filters. The latter two 
methods call for the addition of a good deal of electronics in connection 
with the remote mixers, making excitation errors more difficult to 
control and, in general, making the transmission system unnecessarily 
complex. In the following work, the use of m independent distribution 
systems will be assumed. 

Recalling that the basis of the single-channel distribution 


scheme was a feedback control system which adjusted the LO frequency to 
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keep the phase shift of the transmission line constant, we must now 
examine the consequences of having such frequency changes in the FDM 
system. Consider a signal at in which is down-converted to Fie and 
transmitted by cable to the observatory; this signal will undergo a 


phase shift of 


o(f,t) = 360F -t degrees (3.14) 


where t is the phase delay of the cable, which is generally a function 
of frequency (dispersion). As we have seen previously, we need not be 
concerned with the value of ¢ itself, since phase excitation errors 
result only from differential errors; that is, we are concerned with 
deviations from the mean value of » over the ensemble of all IF channels. 
In a single-channel system, changes in LO frequency will have 
little effect on the differential phase errors. The input signal at ip 


will be converted to some new value of f but the change is the same 


|F? 
for all channels. Now consider two FDM channels with nominal center 


frequencies of fs; and f, transmitted over the same cable as before; each 


k 
will encounter a phase shift as given by (3.14), in which we assume for 
the moment that t is independent of frequency. This means that if the 


two signals are initially in phase, after the second conversion they 


will be restored to the same frequency but with a relative phase shift: 


) 


O(F fF) = olf.) > olf) 


(3.15) 
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This phase shift must either be removed at some point or taken into 
account in the beam-forming circuitry. In either case, the process is 
complicated by the fact i and fie are independent, and to a large extent 


k 


same as the difference in the corresponding LO frequencies, which are 


unpredictable, functions of time. However, the difference if ssf ols pthe 


accessible for measurement. From equation (3.15) it can be seen that a 
differential phase error of 0.1° between the two channels will result 
from an error in measurement of ir a FL of about 22 Hz, assuming a 
constant phase delay of 12.65 usec for 2.5 km of coaxial line. Frequency 
measurement with errors of less than 1 Hz can be readily achieved using 
digital techniques, so that this aspect of compensating for the phase 
shifts would not present a serious problem. 

Estimation of the phase delay poses a more difficult problem due 
to the limitations on measurement accuracy involved. The quantity we 


seek is the mean phase delay Tt taken over all of the transmission lines; 


phase errors caused by departures from this value in individual cables 


have been considered separately (Sec. 2.4.4) and are not of concern here. 


At the calibration temperature, t would be the phase delay of the 
reference cable against which all of the others are trimmed. At other 
temperatures, it would be necessary to find the mean delay by making a 
sizeable number of measurements. The phase shift of a length of cable 
can be measured on an absolute basis with an accuracy of about +0.3° in 
the 1-10 MHz range [40]. In the light of what has just been discussed, 
this would be a reasonable estimate of the limits of accuracy with which 
one can determine the differential phase shift given by (3.15). In 
practice, dispersion in the cable must also be taken into consideration. 


This will be done in the following section. 
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Investigation of this matter of phase equalization between 
channels is of particular importance because the excitation errors which 
result from this source are systematic rather than random in nature. For 
example, the distribution of phase errors for the elements whose outputs 
are transmitted at Ne will be displaced from the distribution for 
elements using the channel at FL by an amount which depends on the 
success of the equalization. The periodicity of this error pattern 
throughout the array could give rise to serious grating sidelobes rather 
than just an increase in overall sidelobe level. This effect could be 
reduced by randomly assigning the channel numbers within each group of 
array outputs to be multiplexed, which would tend to break up the 


regular error patterns resulting from an orderly channel assignment. 


Bua th Dispersion in the Transmission Lines 


The phase velocity in the transmission lines, which determines 
the phase delay t, has thus far been considered to be independent of 
frequency. This is a reasonable assumption over the narrow bandwidth of 
a single channel, but it may not be safe to make this assumption when 
considering widely-separated FDM channels. 

The velocity of propagation in a coaxial cable is, in fact, a 
slowly increasing function of frequency [64]. This effect, called 
anomalous dispersion, extends up to microwave frequencies for most 
cables and results in a decrease in phase delay with frequency. 
Extrapolation of measurements at higher frequencies [37] indicates that 
the phase delay of RG-213/U may vary about 1% between 1 MHz and 3 MHz. 
There is considerable uncertainty about the exact values, but even 


dispersion an order of magnitude smaller than this could not be ignored. 
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Equation (3.15) must therefore be revised to include the effect of 


dispersion on the differential phase shift: 
o(f f,) = 360[F x(F,) aici toys (3. 16) 


To retain accuracy of phase equalization of the order mentioned 
in the previous section, it will probably be necessary to measure the 
mean phase delay separately for each channel. Since the equalization 
must adapt to changing conditions such as temperature, it is essential 
that it be automatically controlled. If the beam-forming circuitry is 
controlled by a digital computer (this is highly probable in view of the 
complexity of the proposed array), real-time measurements of phase 
delays and LO frequencies could be included as inputs to the program 
which determines the settings of the phase shifters for a given source 
direction. Another possibility for automatic equalization would be a 
phase error compensation system which works within the feeder system; 


this will be investigated in Sec. 5.1. 


3.3.5 Amplitude Equalization 


In addition to the differential phase shifts encountered in the 
FDM system, one must also be prepared to compensate for the differences 
in cable attenuation at the different channel frequencies. The problem 
is more complicated than it appears at first glance, since the 
attenuation change over each channel's bandwidth must be taken into 
account. In single-channel operation the response of the cable, although 
not flat, is the same for each transmission path, so that the relative 


amplitudes of the element excitations are preserved over the bandwidth. 
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However, when we have an FDM transmission system, the slope of the 
attenuation characteristic is different for each channel. This means 
that simply equalizing the center-of-channel attenuations may not be 
sufficient. 

To illustrate the nature of the equalization problem, consider 
two channels with 200 KHz bandwidth centered on 1 MHz and 2.5 MHz. The 
attenuation of a 2.5 km run of RG-62A/U cable for these frequencies is 
given in Table 3.3. There is a difference of 11.6 dB in the attenuation 
at the channel centers, but if we attempt to equalize the channels by 
inserting 11.6 dB of attenuation into the 1 MHz channel, there remains 
a discrepancy of 0.4 dB at the band edges. Of course, the error becomes 
less nearer the channel centers, and most channels in the FDM system 
will not be separated in frequency as much as these two hypothetical 
ones are. The r.m.s. amplitude error caused by the discrepancies would 


likely be about 0.1] dB in practice. Errors of this magnitude might be 


Table 3.3 Cable Attenuation (dB) for Two Typical IF Channels 


Frequency (MHz) 
Channel 


Channel #1 (fe 


Channel #2 (Ff - 


Channel #1 after band-center 


equalization 
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tolerable, but they are quite large compared to most of the other errors 
present in the transmission system, and it would be preferable to reduce 
them if it is at all possible to do so. Like the differential phase 
errors discussed in Sec. 3.3.3, these amplitude errors are systematic in 
nature and could lead to more serious sidelobe problems than if they 
were randomly distributed. 

Rather than attempt to design separate equalizers for each 
channel, it is likely best to equalize the cables over the full FDM 
spectrum to produce a flat attenuation characteristic. A method of cable 
equalization using networks (RC) having alternating poles and zeros on 
the negative real axis of the complex frequency plane has been described 
by Mackay [36]. These equalizers are designed around transistor amplifier 
stages in order to produce gain which exactly balances the cable 
attenuation, but in the present case it is not desirable to have active 
devices in the FDM transmission medium because of possible IM distortion 
problems. Instead, we require a passive equalizer at the output of each 
transmission line to bring the attenuation up to the same level for all 
channels; in other words, a highpass filter must be created such that 
when it is placed in cascade with the cable, an allpass characteristic 
over the FDM spectrum results. 

The number of pole-zero ponies needed in the equalizer is a 
function of the extent of the frequency range covered and the maximum 
cable attenuation within the range, and of the amount of amplitude 
ripple permissable in the equalized characteristic. For example, a cable 
having 10 dB attenuation at f MHz can be equalized over the decade from 
O.1f to f with a maximum ripple of about 0.005 dB if two correctly 


chosen pole-zero pairs are used. Since ripple in the attenuation 
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characteristic between the channels is of no concern, the choice of pole 
and zero locations could probably be further optimized for a particular 
allocation of channels. The equalizer as described here would not adapt 
to changes in cable attenuation such as those caused by temperature 
variations (Sec. 2.3.2a). The possibility of automatically compensating 


for such changes will be considered in Sec. 5.1. 


3.3.6 Summary 


The FDM approach has been shown to be a more practicable form of 
multiple use of transmission lines than TDM for this particular array 
design. The number of channels possible depends on a number of variables, 
including the 55 dB bandwidth of the input filter, the power gain of the 
pre-transmission electronics, the type of cable used, the IM performance 
of the second mixer, and the cost of implementation. Most of these 
factors have not yet been firmly ascertained. 

Phase and amplitude equalization is a vital part of the FDM 
system, and the viability of the system rests to a large extent on 
whether adequate equalization can be provided at reasonable cost. 
Equalization will be discussed further in the remaining chapters. 

Before leaving the topic of FDM systems, it should be noted that 
the nearly square-law transfer characteristic of the field-effect 
transistor yields considerably lower IM product levels in mixer service 
than does the exponential characteristic of the bipolar transistor [65]. 
The performance of dual-gate MOSFET devices [66] is particularly good in 
this regard, and they offer additional advantages such as isolation of 


the local oscillator from the signal channel. 
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3.4 Quadrature Multiplexing 


3.4.1 Basic System Design 


A third possibility for multiplexing in the feeder system is 
quadrature multiplexing (QM), also known as quadrature-carrier or phase- 
division multiplexing. The system is illustrated in Fig. 3.7; it may be 
used alone as a two-channel system, or in conjunction with an m-channel 
FDM system to provide 2m channels. The QM technique is not widely used, 
but it has found application in telemetry [67],[68] and color television 
transmission. 

The principle behind QM is that two signals which overlap in the 
time and frequency domains may still be transmitted over the same medium 
without crosstalk if they are first processed by means of multiplication 
by orthogonal signals. In the case of Fig. 3.7, the transformation is 
applied by inserting a 90° phase shift in the LO line to one of the 
first converters. If the input signals to these converters are s,(t) and 
so (t), the composite signal entering the transmission line may be 
expressed in the form 


Sit) = s, (t) cos w,,t + s, (t) sin Wot (2517) 


LO 
This signal, after being delayed by an amount t in the transmission line, 
is demodulated in the cosine channel by multiplication by a second LO 


signal of cos w,,(t-t). The output signal S(t-t) cos Wo (t-t) contains 


LO 


only s,(t-t) plus terms in 2w,, which are removed by filtering; 


similarly, the sine channel has an output of Ss, (t-1). 
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3.4.2 Crosstalk from Phase Errors 

Departures from the ideal QM system just described will occur in 
Practice, and crosstalk is the inevitable result. Suppose that in the 
demodulation of the cosine channel the LO signal is now given by 
cos[w, 9 (t-t) + oo], where b. is the phase error in radians. The channel 


output S(t) = S(t-rt) cos [w, 9 (t-t) + ¢,! becomes, after filtering, 


S(t) s,(t-t) cos $, + s,(t-t) sin $. 


I 


Ss, (t=) + 55 (t-t) (3.18) 


provided that b, << 1. The crosstalk coefficient oh is therefore 


numerically equal to the phase error: 
Oneal d| (3.19) 


This expression also holds for the sine channel; however, the phase 
error oo which results from errors in the LO distribution system or in 
the 90° phase shifters, may differ between the two channels. 

The phase errors must clearly be tightly controlled, since they 
lead directly to excitation errors. To evaluate the latter, we let 
s, (t) = Vjcos wot and s, (t) = V cos (wot + &), where & is a phase factor 
which depends on the source direction and the spacing between the 
elements whose outputs we are multiplexing. The output of the cosine 


channel is then proportional to 


S(t) = V cos w(t-t) + o,Vcos lw. (t-t) + E] (3920) 
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Fig. 3.8 Phasor Representation of QM Crosstalk 


A phasor representation of equation (3.20) is shown in Fig. 3.8, with 
the error in the output signal expressed in terms of a phase error 6 and 


a fractional amplitude error A. If d, << 1, then 6 << 1 and 


ve 


I 


(9) (Via) + (2V0 sin =)? 


R 


v2 (a? + 6°) (erp 


From (3.21) we can determine that the sum of the mean-square amplitude 


and phase errors is 


(3.22) 


; + @ one, | 
Hereroripte:tatsienawn eA Be a oo me 


—— 7 
Hytw .8.£ .eT9 nt awofe ef (08.8) ony apron oe 
be B r0vIe sasda 5 To amet al Hadenrgne lenge auqawe et a 
ee el 

ae : be er ae 


(1888) Te een piles Tae as + nips 
iO gh aa fe! Mares Byes 40 = ‘pas 


anupilans:ereupe-qom ads 


120 


In Sec. 1.3.3 it was stated that overall r.m.s. excitation errors 
of the order of A = 0.02 and 6 = 1° (0.017 radians) would be 
rms rms 
needed to ensure adequate sidelobe performance in the array. The sum of 
the mean-square errors is then 7.1 x 107; we must require that the 


contribution given by (3.22) is much smaller than this maximum value: 


-2 F: 
or, (On ee 22710 (159) hore) 
This is a fairly stringent requirement, but it could likely could be met 
without great difficulty if the LO distribution system outlined in Sec. 


2.4.5 is used. 


3.4.3 Crosstalk from Amplitude Errors 


In the preceding analysis of the QM system, the amplitude 
characteristic of the transmission medium was not considered. A thorough 
analysis of the system must take cognizance of the fact that signals of 


the form s(t) cos w,,t and s.(t) sin w,,t are composed of sum and 


LO - 


difference terms, and these signals will lose their orthogonality if the 


LO 


terms are attenuated unequally. To show this, we again let the input 

2 _ 2 aie: E 2 
signals be s(t) V4c°s wot and s,(t) V cos (wot E); substituting 
into equation (3.17), we have 


ZS (Oe V feos (w, 9-w,) t + cos (w, ptw,) t} 


+ Vo{sin[ (w, 9-w) t-E] + sin[(w, tw) tel} (3.24) 
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Now suppose that the terms in (w, ,- w,) are attenuated in 


LO 
transmission by a factor Ay with the terms in (w ot w) attenuated by a 
different factor A. Assuming the transmission line is dispersionless and 
has propagation delay t, the cosine channel can be demodulated without 


phase errors by using the LO signal cos Wg (t-t). The result, after 


filtering, is 


4S (t) = Vt CAgt A.) cos[w (t-t) ] - (A A.)sinlw (t-t)+é]} 


(3.25) 


We can again evaluate the crosstalk by using a phasor representation of 
the output signal similar to that of Fig. 3.8, and deriving an expression 
analogous to (3.21). Taking the magnitudes of the desired output and of 
the crosstalk term from equation (3.25), we find that the excitation 


errors, provided that they are small, are approximately given by 


a? + 8% = (a)? (3.26) 
where abn is an amplitude crosstalk coefficient given by 
A, - A 
a= | —— (3.27) 
Tee Tag Hes 
d S 


To gauge the effect of attenuation imbalance on crosstalk, we 
shall determine the amount of imbalance which will result in errors in 
a particular channel being equal to the level given in Sec. |.3.3 as a 
guideline for overall r.m.s. error. Setting the left-hand side of 


equation (3.26) to 7.1 x 10-4 in accordance with this guideline, and 
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making use of (3.27), we have: 


AJA, = 1.06 (0.5 dB) (3°28) 


assuming that the attenuation is greater at the sum frequency than at 
the difference frequency. 

It is apparent from (3.28) that the attenuation of the transmission 
line must differ by no more than a fraction of a decibel at the sum and 
difference frequencies. Since these frequencies are separated by 2w or 
2W 9 (whichever is the smaller), the QM technique is best suited to 
situations in which W is small (e.g., audio signals), or in which a 
high IF comparable to wo can be used. Unfortunately, neither situation 
pertains in the present case. 

To relate this result more directly to the application of 
multiplexing in the feeder system, we consider as an example the 
conversion to a typical IF of 1 MHz; the LO will be at (12.36 4 1) MHz, 
the upper value being preferred for reasons of image rejection. The sum 
terms will thus be centered on 25.72 MHz. For a 2.5 km run of RG-62A/U 
cable, the attenuation at 1 MHz would be about 21 dB; at 25 MHz it would 
be about 124 dB. Such a large disparity would result in negligible 
separation between the two channels. 

Although equalization of the attenuation characteristic of the 
cable is possible and is widely used in communication systems, it would 
not be feasible to equalize differences of the order of 100 dB, 
particularly when most of the equalization must take place before 
transmission (due to noise problems). We must accordingly reject QM as a 


possible adjunct to FDM in a multiplexed feeder system. 


(88.8) 
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CHAPTER 4 


ASSESSMENT OF ARRAY EXCITATION ERRORS 


In the following sections, the various components of the signal 
transmission and processing systems will be examined from the point of 
view of excitation errors. Individual error estimates will be compiled 
and used to estimate the overall excitation errors for the proposed 
array. These data will then be used in Chapter 5 in the investigation 
of compensation systems and the effect of the errors on the sidelobe 


levels. 


4.1 The Remote Electronic Components 


The electronic components at the remote ends of the transmission 
lines are of particular concern with regard to excitation errors, since 
they will be exposed to large variations in environment. Provision of 
suitable enclosures should minimize moisture effects, but it does not 
appear to be feasible to stabilize the ambient temperature of each unit. 
Arrangements similar to the RHE TGe atic a NIveconcec ited ovens used to 


stabilize crystal oscillators may be worth investigating, however. 


4.1.1 The Input Bandpass Filter 


Some of the characteristics of possible input bandpass filters 
were summarized in Table 3.2. Ideally, we would like to have a filter 
with a very sharp cut-off characteristic beyond the 200 KHz passband; 


this would prevent cross-modulation from out-of-band signals and would 
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permit the closest spacing of FDM channels. This requirement runs 
counter to the one for low excitation error levels, which calls for 
simple, easily duplicated filters with gentle phase slopes. 

The double-tuned filter configuration suggests itself as an 
effective compromise between the conflicting requirements just mentioned. 
In Sec 3.3.1 we saw that one double-tuned stage would be inadequate for 
FDM purposes, but that the two-stage filter offered considerably 
improved performance. One drawback to this design is the need to place 
a stage of amplification between the two filter stages for isolation, 
since each resonant circuit must be coupled to only one other. Having 
only one stage of filtering ahead of it, this preamplifier will be quite 
susceptible to cross-modulation problems. The other major shortcoming of 
the double-tuned filter is the difficulty in controlling the coefficient 
of coupling. Small discrepancies in the coupling may cause a pair of 
filter units to appear identical in amplitude response in spite of 
considerable differences in phase response. It was for this reason that 
this type of filter was rejected in favor of the Butterworth filter 
(sixth-order) for use in the Molonglo Cross array [69]. 

The Butterworth configuration has the advantage of a flat 
amplitude response in the passband, and it would probably be one of the 
easiest filter characteristics to reproduce accurately amongst a large 
number of units. Its principle shortcoming, compared to the double-tuned 
filter, would likely be a greater insertion loss. Since its 3 dB 
bandwidth is only 1.6% of its center frequency, the 200 KHz bandwidth 
filter under consideration here is a rather narrowband case, and the 
components must therefore have very high Q factors if insertion losses 


are to be held within reasonable limits. Inductors with sufficiently 
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high Q to reduce the insertion loss to negligible proportions are not 
available. Measurements made by the author on various types of air-core 
inductors at 12 MHz revealed unloaded Q factors that were generally in 
the range from 200 to 300; to restrict the insertion loss to less than 
1 dB, on the other hand, would require Q factors greater than 1200 for 
the sixth-order Butterworth filter [70]. If Q, = 250 is chosen as a 
realizable unloaded Q factor in this instance, the insertion loss 
becomes about 6.4 dB for the sixth-order Butterworth and 10.6 dB for the 
eighth-order Butterworth. This loss must be taken into account in the 
system noise calculations and the criterion for maximum cable attenuation 
given by equation (2.14) modified accordingly by subtraction of the 
insertion loss. 

Exact specification of the input filter must await further study 
of the transmission system; in particular, an experimental mock-up of a 
multiplex group is needed to simulate and investigate the feasibility of 
the FDM system proposed in the last chapter. Anticipating a favorable 
outcome of the FDM system study, we shall tentatively specify an eighth- 
order Butterworth input filter, which would allow inter-channel spacing 
of about 0.5 MHz. In view of the insertion loss estimated above, the 
allowable cable attenuation at the highest-frequency channel would then 


be approximately given by 


A stip (Gt bree .G (dB) a0) 
max p Cc 
where G_ = power gain of the preamplifier stage (if any), dB 
G = conversion power gain of the first mixer, dB 


c 


This sets the value of f (max) . 
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In addition to the FDM study, another factor which could influence 
the choice of filter type is the possible implementation of a phase 
compensation system, as described in Sec. 5.1. Substitution of a filter 
having a linear phase (flat group delay) characteristic for the 
Butterworth filter might permit more accurate phase compensation over 
the full bandwidth. Such a substitution, assuming that the order of the 
filter remains the same, would result in a poorer attenuation figure for 
a given bandwidth but lower insertion loss. For example, if the eighth- 
order Butterworth filter is replaced by a maximally flat delay (Bessel) 


filter of the same order, is increased by about 50% but the 


P55 
insertion loss drops from 10.6 dB to 4.9 dB [70]. 

Having made a tentative specification of an eighth-order 
Butterworth input filter, we must now ask how large the phase and 
amplitude errors arising from this filter might be. Since the filter 
contains four resonant circuits, it is evident that considerable effort 
will have to be expended to minimize these errors. All inductors should 
be air-core, since the permeability of most other core materials is 
quite sensitive to temperature; the use of commercial coil stock would 
insure good uniformity amongst the inductors. The capacitors would 
likely be a combination of air-spaced trimmers and NPO (zero temperature 
coefficient) ceramic types. One filter should be chosen as a standard 
and all of the others matched as closely as possible to it in phase and 
amplitude characteristics. For this and other test procedures, the 
remote electronics should be assembled as a unit, with suitable 
terminations provided. 


The question of how closely the individual filter characteristics 


can be matched is not an easy one to answer. As a starting point, we 
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shall consider the accuracies obtainable at a single frequency in the 
passband when the filters are initially tested. Since a relative, rather 
than absolute, measurement is needed, the accuracies obtainable are 
generally very good. 

The classical method of gain or loss measurement consists of 
supplying the same sinusoidal input signal to the reference network and 
to the network being adjusted, and observing their relative outputs 
with a suitable detector such as an oscilloscope with differential 
inputs. When performed carefully, measurements made in this fashion can 
routinely achieve amplitude matching to within +0.01 dB (+0.14% in 
voltage gain) [71]. 

Accurate phase measurement is not so easily realized; instruments 
such as oscilloscopes and vector voltmeters typically have accuracies of 
about +1° when used for this purpose. However, phase comparators have 
been designed [72],[73] which can measure relative phase with an 
accuracy of +0.01°. In one such instrument [73], the signals to be 
compared are down-converted to a frequency in the audio range and then 
applied to zero-crossing detectors. The time interval between the zero 
crossings is measured using an electronic counter with multi-period 
averaging, and the result is then converted into phase difference. 

In practice, the matching of filter characteristics must include 
the entire passband rather than just a single frequency, and the overal| 
accuracies obtainable will inevitably be considerably less than those 
given above. Some method of sweep testing by which the phase and 
amplitude characteristics over the full bandwidth could be examined 
would be preferred to the single-frequency measurements; this might 


take the form of a network analyzer which alternately displays the 
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response of the reference filter and of the filter being compared to it. 
In addition to the difficulties associated with initially 
duplicating the response of the reference filter, one must consider the 
increase in errors which will take place after the filters are put into 
service. The causes of this increase include imperfect temperature 
compensation, component aging, and differences in the impedances of the 


array elements due to mutual coupling (see Sec. 4.7.2). The r.m.s. 


excitation error estimates must therefore be much larger than the single- 


frequency measurement errors. The following estimates should be 


sufficient to include all sources of error in the input filters: 


> 
i] 


0.01 (0.086 dB departure from nominal value) 


6 = 0.5° (4.2) 


4.1.2 The Preamplifier/Mixer and Local Oscillator 


The first mixer and any associated preamplifier stages will be 
considered here as a unit. Due to its high input impedance and good 
mixer characteristics, the MOSFET appears to be the most suitable 
device available for use in these stages. The gain of the MOSFET stages, 
including the conversion gain of the mixer, depends on the device 
transconductance, which must be stabilized against temperature changes. 
The transconductance of a typical dual-gate MOSFET designed for mixer 
service, the 3NI41, exhibits a nearly linear change with temperature of 
about -40 umho/°C. As pointed out in Sec. 2.3.2(b), this variation can 
be virtually eliminated by deriving the gate #2 bias from a suitably 


chosen resistor network containing a thermistor [41]. 
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The problem remains of compensating for variations in the 
transconductance from one device to the next; the range from maximum to 
minimum encountered in inexpensive devices such as the 3N141 may be as 
much as three-to-one. Some selection of devices would be necessary to 
reduce this range to more manageable proportions, with further matching 
accomplished by trimming the gain of the preamplifier stages or adjusting 
an attenuator at the output of the mixer. The matching operation would 
proceed as described for the input filter in the previous section; it 
may in fact be possible to consider all of the remote electronics as a 
unit for matching purposes. Certainly a comparison of the entire unit to 
a standard should constitute a final test, if not the full matching 
procedure. 

Phase shift introduced by the preamp/mixer due to a reactive 
component in the transconductance of the MOSFETs will be quite small (of 
the order of 10° at 12 MHz, judging from device data sheets). It is not 
known whether this parameter varies significantly with temperature or 
manufacturing variations. The latter can be compensated for in the 
matching operation, but we must make some allowance, say 0.1°, for 
temperature variations and component aging. The gain of each preamp/mixer 
can be trimmed to within 0.01 dB of that of the standard, but the r.m.s. 


error will be estimated as 0.05 dB to allow for these same factors: 


estes ad nai (0.05 dB) 


> 
i] 


6 =" 0.1° (4553) 
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Phase and amplitude errors in the mixer stage can also result 
from another, independent, source: the LO system. As discussed in 
Sec. 2.4.5, supplying each mixer with exactly the same phase and 
amplitude of LO signal is quite difficult when the mixers are separated 
by large distances. The magnitude of phase errors in the LO distribution 
system should be approximately the same as those resulting from 
measurement errors in the main transmission lines (see the following 
section), since both systems will likely be set up using some variant of 
the Swarup and Yang technique. The estimate for phase errors from this 


source iS consequently set to 


6 = 0.1% (4.4) 


This value is to be maintained after the initial adjustment by the 
feedback scheme described in Sec. 2.4.5. 

Since the conversion gain of the mixer is proportional to the 
LO injection voltage, this voltage must be the same at each mixer and 
must be stabilized against temperature variations. In the proposed LO 
distribution system, the attenuation suffered by the LO signal varies 
from one mixer to the next, and the differences must be equalized at 
each mixer by an attenuator. The temperature coefficient of the 
attenuators must match that of the LO line if equalization is to be 
maintained over the temperature range. With care, one should be able to 
reduce the r.m.s. variation in LO voltages to the order of 0.05 dB. The 


same figure will apply to the amplitude excitation error: 


A SCG (Ome (0.05 dB) (4.5) 
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assuming that the mixer conversion gain is directly proportional to LO 


voltage [65]. 


4,2 The Transmission Lines 


4.2.1 Measurement Errors 

Limitations in the accuracy of measurement techniques establish 
the lower bound on phase and amplitude errors arising in the transmission 
lines. As pointed out in Sec. 2.3.2(e) on cable trimming, the Swarup and 
Yang technique can be used to match the phase shift of a cable (in the 
3-30 MHz range) to within +0.1° of that of another cable chosen as the 
standard. After completion of phase trimming, one would expect to find 
the phase shifts of the transmission lines to be normally distributed 
about the phase shift of the standard. If 0.1° is taken as the standard 
deviation of the distribution, this becomes the estimate of r.m.s. 


phase error: 


6 Hy OMe (4.6) 


As far as amplitude errors are concerned, we are faced with 
equalization of small differences in attenuation from one cable to 
another, plus larger differences between FDM channels. The methods used 
to achieve this would probably be similar to those used in the LO 
distribution system, and we shall accordingly adopt the same estimate 


for amplitude errors, namely 


ences. (58h. 10 tanwat (OF0 FedB) (4.7) 
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4.2.2. Phasesand Amplitude Stability 


Variance in phase-temperature coefficients, which was discussed 
extensively in Chapter 2, is likely to be the major source of excitation 
errors caused by deficiencies in the transmission lines. We shall 
proceed under the assumption that RG-62A/U cable will be used, since 
this type offers the bést combination of low attenuation and good phase 
Stability amongst the available low-cost coaxial cables. It was 
estimated in Sec. 2.4.4 that the worst-case r.m.s. phase error resulting 


from temperature effects would be, for a feeder system using RG-62A/U, 


6 = 0.72. (degrees) (4. 8) 


where fie is in MegaHertz. For an FDM system, the phase errors thus 
depend on the channel frequencies. 

The derivation of (4.8) was admittedly based on pessimistic 
assumptions; the temperature is presumed to be near the extremes of the 
range (-50°C to +30°C) which may be encountered in the operation of the 
array, and a fairly loose tolerance on phase-temperature coefficients is 
assumed. Operation near the temperature extremes is certainly a 
reasonable assumption for a worst-case estimate, but the latter 
assumption concerning temperature coefficients may prove to be overly 
pessimistic if the cables are all drawn from the same production lot. 


On the other hand, an estimate of 6. F which is on the high side wil] 


m 
help to make allowance for other error sources of an unpredictable 
nature, such as cable aging and temperature gradients (caused, for 


example, by cloud shadows) in the. feeder system. 


Differences in the attenuation-temperature coefficient amongst 
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the cables is expected to be quite small, since this coefficient is 
primarily a function of the resistivity of the conductors. It will be 
assumed that temperature changes will not cause a significant increase 
in the amplitude error estimated in equation (4.7). Occasional 
readjustment of the amplitude equalization will be needed to compensate 


for aging effects. 


4.2.3 Inter-Cable Crosstalk 


Crosstalk between transmission lines was studied in Sec. 2.3.2(f). 


lt was concluded that standard single-braid coaxial cables cannot be run 
side-by-side for distances greater than a few hundred feet without 
causing serious crosstalk levels. Until field tests are carried out, it 
is difficult to predict the extent to which this type of crosstalk can 
be reduced before further physical rearrangement becomes impractical. 
Following Sec. 2.3.2(f), we shall set as a minimum requirement an r.m.s. 
crosstalk level of a = 03? (-60 dB), which corresponds to excitation 


rms 


errors of 


2 Koro sede) 


> 
Ul 
—S 
x 
S) 
I 


5 = 0.1° (4.9) 


4.2.4 Impedance Mismatches and Inhomogeneities 


In addition to the desired signal arriving at the output of each 
transmission line, there will exist signals caused by multiple 
reflections in the line, which will result in phase and amplitude errors 


in a manner similar to crosstalk. One source of such errors is that part 
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of the desired signal which is reflected from the output termination 
back to the input termination, where it undergoes a second reflection 
and returns to the output as an interfering signal. If the reflection 
coefficients at the input and output terminations are oF and Po» 
respectively, and the one-way attenuation factor is ae (related by 
A = -10(log a.) to the attenuation A as introduced in Sec. 2.3.1), 
then the interfering signal will have magnitude 8 = cgapal ey relative 
to that of the desired signal. It should not be difficult to match the 
feedline at each end such that Ce 0.1 (VSWR of 1.21), and from 
Table 2.3 we find that a= O.1 (A = 20 dB) for 2.5 km of RG-62A/U at 
1] MHz. The relative magnitude of the interfering signal is therefore 
about 10-4, and the resulting phase and amplitude errors are negligible 
compared to those discussed in the previous sections. 

A second source of interference is impedance discontinuities 
caused by inhomogeneities in the cable. Such a discontinuity with 
reflection coefficient Py will result in interfering signals of relative 


magni tude 
ees (4.10) 
d’x°* dx ; 


where Py is the coefficient of reflection at input, output, or some 


other discontinuity, and a is the attenuation factor between the two 


dx 
points. This situation is potentially very serious, since Agx MAY be 

close to unity; for example, a discontinuity near the input end of the 
cable will cause interference with a relative magnitude of about P Pi» 


which may be appreciable if Py is larger than about 0.01. The resultant 


interfering signal at the output due to all of the internal reflections 
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may be expressed in the form 
a NYAS 
Bofste(ei (spat) (4.11) 


where the B, are the relative magnitudes of the significant interfering 
signals as given by (4.10); these signals add randomly since they are 
uncorrelated. The excitation error levels are calculated in the same 
manner as for crosstalk, as outlined in Sec. 2.3.2(f). Each cable is 
characterized by a particular interference level Bo. if the r.m.s. value 
of this interference level over the ensemble of all cables is denoted by 


B ems? then the excitation errors will be given by 


B 
A ems = ms | 
V2 
Ste rf 406 6 (degrees) (Aed2) 


Since these errors could become quite large, it will be necessary 
to minimize Bae by carefully matching the impedances at both ends of 
each transmission line, and by testing each line for significant 
discontinuities by means of time domain reflectometry [74]. If p. and P4 
are no greater than 0.1 in each cable, and inhomogeneities with Dane 0.01 
are removed, then it should be possible to achieve a Bee of the order 
Ofes ax 10>. In this case, using the relations of (4.12), the estimated 


excitation errors are 
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4.3 The Multiplexing System 


4.3.1 Inter-Channel Crosstalk 
In considering inter-channel crosstalk in the discussion of FDM 


systems (Sec. 3.3.1), the figure of -55 dB was adopted as a compromise 


between excitation errors and the maximum number of channels permissable. 


The corresponding excitation error levels were 


ingdxt10bcew (010 1Snd8) 


> 
i} 


6 =4 06 12 (4.14) 


from equation (3.3). This appears to be a reasonable allowance for 
errors from this source; however, the trade-off involved should be 
re-examined after further study of the FDM system. If the error budget 
could absorb a six-fold increase over the levels given in (4.14), then 
the crosstalk criterion could be lowered to -40 dB. This would allow the 
reduction of spacing between channels to about 0.31 MHz from 0.5 MHz, 
assuming the use of an eighth-order Butterworth input filter (data from 
Table 3.2). The estimates of (4.14) will be used for the purposes of 


the present assessment. 


4.3.2  Intermodulation Crosstalk 

Crosstalk from IM products was discussed in a general way in 
Sec. 3.3.2, with no attempt being made to determine the magnitudes 
involved pending actual measurements on the FDM system components. 


Lacking such data on IM crosstalk levels, we shall set as an objective 
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the familiar TIGULeROn 55 db. 

As has been pointed out, channel filters may be necessary in the 
demodulation process, and they would be themselves a source of excitation 
errors. These errors would tend to increase as the filter response 
approaches the ideal rectangular bandpass function, whereas the errors 
from IM crosstalk would decrease. Therefore one would expect that there 
would exist an optimum filter response which minimizes the combined 
error magnitudes. It is possible, however, that no distinct minimum 
exists and that channel filters would not significantly improve the 
overall excitation error performance. In view of this possibility, 
one must take heed of the fact that -55 dB crosstalk levels with 
corresponding error levels as given by (4.14) may not be obtainable 
without channel filters, in which case the errors in the filters must 
be included in the assessment or the crosstalk criterion lowered 
accordingly. Emphasis must be placed on excellent IM performance in the 
second mixer, together with careful placement of channel frequencies, 


in order to approach this criterion as closely as possible. 


4.3.3 Equalization 

The importance of phase and amplitude equalization in the FDM 
transmission system was discussed in Sections 3.3.3 through 3.3.5. 
Consideration was given in Sec. 4.2.1 to equalization of cable losses 
for single-channel operation by the use of attenuators at the output of 
each line. The same concept applies to an FDM system, but in addition to 
an attenuator, each cable must have an additional amplitude equalizer. 
Are 


As explained in Sec. 3.3.5, this equalizer will ensure that the f 


attenuation characteristic of the cable will not cause a significant rise 
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in amplitude errors. Since it will have a very moderate phase slope 
compared to the bandpass filters, the equalizer is not likely to be a 
significant source of phase errors. Allowance was made in Sec. 4.2.1 for 
errors in amplitude of the cable plus attenuator combination. It will be 
assumed that multi-channel operation does not entail larger errors, 
since the number of attenuators, and the number of measurements required 
to set them, are unchanged. 

Phase equalization, as indicated in Sec. 3.3.4, would probably be 
incorporated into the beam-forming circuitry; excitation errors in this 
area will be considered in Sec. 4.5.2. The possibility of automatic 
equalization in the transmission system and the resulting effect on the 


errors will be examined in Sec. 5.1. 


4,4 The Second Mixer 


The second mixers would likely be similar in design to those in 
the remote stages of the transmission system. In the case of the second 
mixers we have a more stable thermal environment, nearby LO signal 
sources, and easy access to the mixers for adjustment of their parameters, 
so that phase and amplitude errors are generally easier to control. The 
overall excitation errors, considering both the mixer itself plus LO 
errors, should be little more than the errors which are inherent in the 
measurement process. It is assumed that the measurements and adjustments 
will be repeated sufficiently often that no significant long-term 
variations due to component aging will appear; however, the following 
estimates do allow for short-term variations such as small changes in 


temperature in the observatory building: 
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4.5 Signal Processing After the Second Mixer 


After the array outputs emerge from the second mixers, they must 
be filtered, phase shifted, weighted, and correlated to form the desired 
response. Excitation errors arising in this section of the radio 


telescope will now be briefly examined. 


4.5.1 The Output Bandpass Filter and IF Amplifier 


The bandpass filter which immediately follows the second mixer 
completes the demultiplexing process and sets the system bandwidth. In 
conjunction with this filter will be one or more stages of amplification 
to compensate for losses in the filter and phase shifters, and to 
increase the signal level to that required by the correlators. 

In these stages and in the following circuitry, few firm 
specifications have been made, and the evaluation of excitation errors 
must be based to a large extent on conjecture. In the first stage of 
array development, the bandpass filter is likely to be quite simple, 
with the effective system bandwidth being fixed at some value in the 
50 to 100 KHz range. Like the input filter, this filter would have an 
easily-reproduced transfer function such as the Butterworth function. 
Provision for changing the bandwidth is highly desirable; in the case 
of conventional passive filters, this would require insertion of a 


different filter for each bandwidth. 
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A later phase in array development might include the replacement 
of the conventional filters by digital filters, which would allow 
precise duplication of filter characteristics plus programmable center 
frequency and bandwidth. For the purposes of the present accounting, the 
use of conventional passive filters will be assumed. The filter and IF 


amplifier stages can be considered as a single unit, to be matched as 


closely as possible to a standard unit in gain and phase characteristics. 


The filter would likely be divided into several interstage filter 
elements between the amplifier stages. 

As discussed in Sec. 4.1.1, measurement techniques are avai lable 
by which gain matching to within 0.01 dB and phase matching to within 
0.01° can be achieved at a single frequency in the passband. The degree 
to which this accuracy can be approached over the full system bandwidth 
depends mainly on the amount of time and effort expended in the matching 
procedure. The output filter/amplifier unit is more complex than the 
input filter, but the latter will be exposed to much larger temperature 
variations; on the whole, the errors from the output unit would 
probably turn out to be somewhat smaller. The following estimates are 
consequently about one-half as large as those previously given for the 


input filter: 


0.005 (0.04 dB) 
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4.5.2 Beam Formation and Other Signal Processing 


Although general conclusions concerning the formation of multiple 
beams have been reached, the choice of a particular method of beam 
formation ehath® a matter for further study. The design of the feeder 
system has proceeded along lines which will allow a high degree of 
Flexibility in making the initial choice, and in modifying or replacing 
it at a later date. The beam-forming matrix consists essentially of a 
systematic network of variable phase shifters which supply the phase 
shifts necessary to form the fan-beam responses of the component arrays. 
The outputs of the network are then cross-correlated to form the penci I- 
beam response patterns. At some point prior to correlation and the 
summing of element outputs which precedes it, these outputs must be 
properly weighted to achieve the desired aperture illumination. 

Among the options available for accomplishing the fan-beam 
formation are networks of analog phase shifters, an excellent example of 
which is the Molonglo Cross system, and digital phase shifters using 
shift registers, as employed in the Clark Lake Teepee Tee. The digital 
approach would appear to have an advantage in areas such as 
reproducibility and programmability. Digital signal processing in 
general seems very promising as a means of realizing the full capability 
of the array and minimizing the excitation errors. Another possibility 
in the signal processing area is electrooptical processing [75]. In this 
case, the array would be operated as a correlation array (see Sec. 2.4.1) 
and no phase shifters would be needed for beam forming. 

From the foregoing, it can be seen that no definite statements 
concerning excitation errors in the final stages of signal processing 


can be made at this time. This being the case, it is wise to budget for 
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errors fairly generously here. Work with the Molonglo Cross indicates 
that r.m.s. errors encountered in the beam-forming system were of the 
order of 0.1 dB in amplitude aad 0.5° in phase [12]. These figures can 
likely be improved upon, but we shall adopt them pending further design 


work in this area: 


> 
i} 


0.012 (0.1 dB) 
§ ety Tee Chelg) 


These estimates do not seem pessimistic when it is recalled that they 
must also include errors in setting the array grading (amplitude 
weighting of the elements), and in equalizing the differential phase 


shifts arising from multiplexing (Sec. 4.3.3). 
4.6 Summation of Excitation Errors 


The error estimates arrived at in the preceding sections are 
summarized in Table 4.1. The entry for transmission line phase errors 
due to temperature changes assumes that the temperature is near an 
extreme value, and was determined as follows: The r.m.s. phase error for 
signals transmitted on an IF channel centered at u, MHz is 0.72f,°, as 
given by equation (4.8). The r.m.s. phase error for the ensemble of m 
FDM channels is then 


m 
fa ie [ g, £ (0-728, ae ur) Gays ee (4. 18) 
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Summary of Error Estimates 


Estimated RMS Excitation Errors 


Source of 
Soon Phase Fractional 
(Degrees) Amp 1i tude (x107) 
Input Bandpass Filter 0.5 10 
First Mixer/Preamp Ol 5.8 
First Mixer: LO Errors Oz 5.8 
Transmission Lines: 
Measurement Orn 5.0 
Temperature (see text) Les _ 
Crosstalk Onl Le), 
Impedance Mismatch On2 SIN) 
Multiplexing: 
Inter-channel Crosstalk On] eat 
IM Crosstalk Ox be 
Second Mixer (incl. LO Errors) Ol 5.8 
Output Bandpass Filter and OrZ 5.0 
IF Amplifiers 
Beam-Forming Circuitry 0.5 12 
Estimated Overal] eS 20.6 


RMS Errors 


(0.026 rad) (2512) 
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The number of channels m and the frequency allocations f, are not yet 


k 
known. For this estimate, we shall assume that m = 4, with channels at 


1.0, 1.5, 2.0, and 2.5 MHz. Substituting these values for f, into (4.18) 


k 
. = ° 
yields chon = ihegae 

The overall error estimates of Table 4.1 were arrived at by 

making the usual assumption that the individual error sources are 


independent, so that the total r.m.s. errors are simply the square root 


of the sum of the individual mean-square values. 
4.7 Other Sources of Error 


In spite of the large number of error sources just considered, 
we have not yet exhausted the possibilities. One such source is delay 
errors, which lead to a loss of correlation for nonzero system bandwidth 
even when the phasing is perfect. These errors, which are considered in 
Sec. 5.3, are similar in some respects to the amplitude errors discussed 
in this chapter, but they do not arise in a random fashion and hence are 
more controllable than random amplitude errors. A few more effects which 
tend to raise the array sidelobe levels above those of the no-error 


pattern are briefly examined below. 


ho7.16 Positional Errors 

Any imperfections in positioning the array elements will tend to 
cause a rise in sidelobe levels. Positional errors may in fact play a 
larger role in sidelobe level deterioration than phase and amplitude 
errors unless adequate care is taken in the physical construction of the 


array. 
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The effects of both positional and electrical errors in two- 
dimensional scanned dipole arrays have been studied by Elliott [76]. He 
makes use of a rectangular coordinate system and distinguishes between 
translational errors in the placement of the dipole centers, and errors 
in angular orientation with respect to their desired axes. The dipoles 
are intended to lie parallel to the x-axis; the orientation errors are 
defined in terms of the angles between the x-axis and the projections on 
the x-y and x-z planes of the actual dipole axis. 

Assuming that the translational errors are normally distributed 
with the same standard deviation o, (in wavelengths) in all three 


coordinates, it can then be shown that such errors have roughly the same 


effect on sidelobe levels as an r.m.s. amplitude error given by 


Road 
jApms ~ JE (4.19) 
where k_ = wave number = ae 
fe) do 
do = design wavelength of the array 


Similarly, errors in orientation as defined above, with standard 


deviation o,, have the same effect as an r.m.s. phase error of the same 


2% 


magnitude: 


(4.20) 


We shall now determine the bounds on om and oP) which will limit 
the effect of these errors to an equivalent of no more than a 10% 
increase in the overall r.m.s. amplitude and phase errors, respectively, 


estimated in Table 4.1. For amplitude errors, we arrived at an estimate 
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2 F As P 
of 2.06 x 10 ~; assuming that the positional errors are independent of 


the electrical errors, we require that 


k 
Fie oe etior 2) rene ol. 29172 (1.1) (2.06 x 1072) 
v2 


or, a, < (alex [oy ue (4.21) 


At the design wavelength of the Tee array, es = 24.2 m, this becomes 
a, < 5.1 cm (922) 


For the phase excitation errors, we had Spee = 1e5 $ sO that the 


criterion for orientation errors is, using (4.20), 
ereg merce) 27 reat Meiy ents) 
Or, d,s Oar he (4.23) 


The figures in (4.22) and (4.23) are indicative of the tolerances 
which must be placed on element positions if severe sidelobe degradation 
from this source is to be avoided. It is clear that accurate surveying 
and construction practices which emphasize physical stability will be 
necessary. Positional errors will assume even greater significance if 
the electrical errors are reduced by means of the compensation methods 
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4.7.2 Mutual Coupling of the Array Elements 


The dipole elements of the Tee array have thus far been considered 
to be ideal in the sense that their properties remain identical and 
invariant when they are placed into the array environment. Unfortunately, 
this ideal situation cannot exist in practice. Due to mutual coupling, 
the elements will not all have the same impedance; furthermore, their 
impedances will change with scan angle [77]. The resulting impedance 
mismatches in the feeder can cause a marked change in the properties of 
the array. 

The most serious effect in most cases is a decrease in gain of 
the array due to reflection of power at the mismatch. Another effect, 
which is of greater concern in the context of this investigation, is the 
altering of the excitation distribution of the array. If the array were 
infinite in extent, all elements would change identically and only the 
first effect would appear (barring indirect effects on the excitation 
resulting from changes in the feeder system). For finite arrays, edge 
effects assume an importance which depends largely on the dimensions of 
the particular array under consideration. 

In the case of the Tee configuration, the array is virtually 
infinite in extent along the long dimensions as far as the vast majority 
of elements is concerned, and the mutual coupling will have only a 
slight effect on the component array patterns in their respective array 
planes (excepting gain reduction). However, edge effects are much more 
prominent across the narrow widths of the arrays, and some changes in 
the broad dimensions of the fan beams will occur [7]. The effect on the 
Tee pattern would likely be a rise in relative sidelobe levels, 


particularly near the array planes, as the beam is scanned from the 
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zenith. Due to the close north-south element spacing and the narrow width 
of the east-west array, the changes in pattern should be most noticeable 
in the north-south array plane. 

In addition to the effects just mentioned, the changes in element 
impedances with scan angle may have an indirect effect on excitation 
errors. Since the antenna element provides the input termination (through 
a matching device) for the input bandpass filter, a change in element 
impedance will undoubtedly alter in some fashion the phase and amplitude 
characteristics of the filter. Here again the edge effects are most 
important, since they lead to disparities in the impedances seen by 
different filters. This fact was recognized when the r.m.s. errors in 
the filters were estimated in Sec. 4.1.1, but it is not certain that the 
allowances made were sufficient. 

A detailed study of mutual coupling is beyond the scope of this 
thesis. The importance of conducting such a study, and of relating the 
results to the changes in array excitation to be expected, is clear from 
the preceding comments. If the effects are found to be significant 
compared to those of the other excitation errors discussed in this 
chapter, it may be necessary to develop some means of reducing the 
element impedance variations. One of the most successful techniques of 
improving the impedance matching for variations in scan angle has been 
to interconnect adjacent elements with lossless passive networks 


containing distributed or lumped components [78]. 


4.7.3 Miscellaneous Error Sources 
Certain of the feeder system components are not explicitly 


accounted for in the excitation error estimates of Table 4.1. In some 
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cases these components can be considered, for the purposes of 
measurement and adjustment, to be an integral part of some other 
component which is listed in the table. For example, the power combiner 
and power splitter which terminate each transmission line have not been 
distinguished from the line itself. Similarly, baluns or other antenna 
matching devices needed have been included as part of the input filter. 

Since the remote electronic stages will be located in close 
proximity to the antenna elements, excitation errors arising in the 
cables which link the two should be relatively insignificant. However, 
it must be kept in mind that if the elements are grouped into subarrays, 
then remote-controlled variable phase shifters (usually switched 
lengths of cable) are required at this point in the feeder system. 
These phase shifters are actually part of the beam-forming circuitry, 
for which error allowances have been made, but the excitation errors are 
likely to be somewhat greater than in the case where all beam formation 
is done at the observatory. 

In general, overlooking a few sources of small errors will have 
a negligible effect on the overall estimates. For instance, if an 
additional r.m.s. phase error of 0.2° from an independent source were 
included in the estimates of Table 4.1, the overall r.m.s. phase error 


estimate would increase by less than one per cent. 
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CHAPTER 5 


ERROR COMPENSATION SYSTEMS AND SIDELOBE CALCULATIONS 


In this chapter, possible methods of dealing with phase, 
amplitude, and delay errors are examined and evaluated. !n particular, 
techniques for reducing certain of the excitation errors assessed in 
the previous chapter are investigated. An attempt is made to determine 
how the sidelobes of the array pattern will be affected by excitation 


errors. 


5.1 Reduction of Excitation Errors 


The basic approach to error reduction in feeding the array 
consists of refinement of the measurement processes, accompanied by an 
increase in the stability of component parameters and/or a decrease in 
the time interval between measurements. The frequent periods during 
which the ionospheric conditions are unfavorable for astronomical 
observations can be profitably used to carry out these measurements and 
the accompanying adjustments. Some of the error reduction procedures, 
however, would be extremely complex and time-consuming, especially 
where the feeder system is concerned. It is therefore worthwhile to 
investigate the possibility of developing an automatic or semi-automatic 
system which maintains a low level of excitation error. Such a system 
may be categorized according to whether it can operate continuously, 
coexisting with regular array operation, or whether it must interrupt 


array operation periodically in order to make adjustments. 
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5.1.1 Continuous Phase Error Compensation 


In general, an automatic calibration system consists of the 
injection of a test signal of known phase and amplitude at some point 
in each channel or multiplex group, recovery of the signal at some later 
point for comparison to a reference signal derived from the original 
test signal, and use of the result of the comparison to match the 
channel's phase and amplitude characteristics to that of the reference 
channel. The phase shift of the reference channel need not be accurately 
known or extremely stable, since we are only concerned with differential 
errors. 

If operation of the system is to be continuous, the test signal 
clearly must be situated at a frequency outside of the passband of the 
receiver. For this reason, the scheme is not useful for matching the 
bandpass filter characteristics; this is essentially a transmission 
line compensator only. One possible method of implementing the system 
is outlined in Fig. 5.1 for the case of two-channel FDM. The test 
signal in this case is the difference between the two LO frequencies, 
but there are numerous other possibilities for synthesizing a suitable 
signal. A separate distribution system for the test signal would be 
somewhat more accurate than the use of LO signals for synthesis. At the 
output end of the line, the test signal is picked off and compared in a 
phase detector to the reference signal, which was in phase with the 
original test signal before undergoing a time delay Tis The phase 
detector output controls the value of the variable delay At, adjusting 
it to produce zero phase difference at the detector, at which point the 
transmission line delay becomes Tee The action of the system is similar 


to that of a phase-locked loop. 
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The most critical component of the compensator is the time delay 
At, which must be continuously variable and have a sufficiently large 
bandwidth to encompass all of the FDM channels plus the test signal. To 
determine the range of delay needed, we begin by assuming that al] 
cables are trimmed after installation such that their time delays are 
fairly closely matched to some value ee Within tl nseor so)eat a 
temperature Ty near the center of the range of -50°C to +30°C. The 
value of TT will be about be about 12.65 us for 2.5 km of solid 
polyethylene dielectric coaxial cable at -10°C. Trimming of the cables 
to this accuracy can be done by the swept-frequency method [44], which 
does not require special far-end terminations or feedback schemes. 
Accuracy in this process is not essential to the operation of the 
system; it serves only to reduce the range of variable delay needed. 

Figure 5.2 depicts the delay-versus-temperature characteristics 
of the two cables in the transmission system which have the extreme 
values of phase stability coefficient Ko as defined! |niseca 2so52\a)i 
The value specified for RG-62A/U (Sec. 2.4.4) was -50 ppm/°C, with a 
standard deviation of 4 ppm/°C determined from the assumption of +20% 
tolerance on oe The extreme values corresponding to this tolerance are 
K, (min) = -40 ppm/°C and Kk, (max) = -60 ppm/°C. We first assume the use 
of a standard delay ee which is independent of temperature; the range 


of variable delay needed to compensate all cables is then 


At(max) - At(min) = T_ gg (max) : T 39 (min) 


~ 807K, (max) x 10° = 61 ns (S21) 
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Fig. 5.2 Temperature Characteristics of Cable Delays 
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This expression is only an approximation since the delay-versus- 
temperature characteristic of the cable will not be linear over such a 
large temperature range; however, in the case of RG-62A/U the expression 
is reasonably accurate. The nonlinearity is caused by s increasing with 
temperature, which will result in the actual values of Te and T 39 
being smaller than those found by using the linear approximation, but 
the difference between the two can still be determined quite accurately 
using the approximate method. The standard delay on can be set to any 


convenient value that is larger than t (max) by a reasonable margin; 


-50 
for example, setting me = 12.85 us would call for a delay At which is 
variable over the range of about 170 ns to 230 ns. 

The range of delay needed can be further reduced by making the 


standard delay temperature-dependent, as illustrated by the - 


characteristic of Fig. 5.2. In this case, the delay range needed is 


(min) 


wee) - At(min) wee, (inax) = To 


-50 50 


9 (max) - 7 o (min) 


up 3 


~ 4Or LK, (min) = Kk (max) ] 
= |2 ns (5.2) 


This result holds only if the standard delay has a temperature 
coefficient near the mean value Ko for RG-62A/U, a logical choice for 
Op being a suitable length of this cable. 
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There are a number of ways in which a voltage-variable delay for 
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At might be implemented. One possibility is a lumped-constant delay line 
with voltage-dependent components, such as a cascade of LC filter 
sections containing varicap diodes. Hannan et al [79] have described a 
delay line of this type which is variable from 150 ns to 250 ns and 
maintains a phase linearity of +2.5% over a bandwidth of 16 MHz. This 
exceeds the requirements for At by a considerable margin in both delay 
and bandwidth. 

The phase linearity of the delay line is an important parameter, 
since the success of the compensation system rests on the accuracy with 
which phase shifts set at the test frequency are translated into the 
' phase shifts needed to equalize the delay of each IF channel to the 
standard delay (this should not be confused with equalization of the 
phase differences between channels which are inherent in the FDM system; 
we are concerned here only with equalizing the phase differences at a 
given IF between different cables). The effect of phase nonlinearity in 
the delay line will now be evaluated. 

Consider a transmission line having phase delay t (no dispersion) 
without the compensation system. The phase error for a channel at fie 


transmitted on this line is given by 
Seat ect) (radians) (5.3) 


where t is the ensemble average of the phase delays of the transmission 


lines. The r.m.s. phase error over all of the lines is 


6 = anf E(t ya - rience (5.4) 
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We now include in each transmission line the phase compensator 
of Fig. 5.1, with the test signal at frequency f In the line with 
uncompensated delay tT, the test signal will undergo an additional phase 


shift in the delay At given by 


o4(F,) = anf (At) = Omirclcha t) (5.5) 


Now if we had perfect linearity, the phase shift in the delay At at fie 


would be (fF -/f,) times the quantity in (5.5), but due to nonlinearity 


we instead have a phase shift of 


Safa linc Uyeda! Oi Ieaiedan Ge) (5.6) 


where t is a fractional linearity error. The total phase shift of the 


line is ideally anf i et. at f but the nonlinearity causes it to 


IF? 
become, from (5.5) and (5.6), 


6 ep) eemeeaits, pt ep Hie) 


i] 


2nf et. + anf -o(t_- t) (5.7) 
If we assume that the linearity error ~ has zero mean, then the mean 
phase shift is anf iets and from (5.7) the phase error in a particular 


channel of the compensated system is 


ah = anf pt(t.- tT) (5.8) 
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and the r.m.s. phase error becomes 


(8) ing = 2nf et L(t (7a) lig wii 15 28) 


- 2c T+ 
c’ rms rms rms S 


if bes ths which is the case if the T. characteristic is used and At is 
2 


not too large, then (5.9) can be approximated by 


Ca 7 Cems ® rms (5.10) 
where ae is the r.m.s. phase error in the uncompensated system, as 
given-by (5.4). 

Since the phase error is reduced by a factor roughly equal to the 
r.m.s. fractional linearity error, satisfactory operation should result 
from maintaining the linearity of the delay lines within a few per cent. 
There is little point in attempting to achieve better linearity, since 
the phase errors from this source will become dominated by errors 
elsewhere in the compensation system. The uncertainty in the phase of 
the injected test signals will be the major source, the error here 
likely being of the order of 0.1° r.m.s. if a high-quality distribution 
system is used. 

It is probable that the worst-case r.m.s. phase error resulting 
from delay variations in the transmission lines could be lowered by use 
of this compensation scheme to about 0.2° from the previously estimated 
value of 1.3°. This would reduce the overall r.m.s. phase error estimate 
(Table 4.1) from 1.5° to about 0.8°. More important, perhaps, than the 
actual reduction of errors is their increased stability and the 


elimination of the enormous task of periodic readjustment of the 
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electrical lengths of the lines. The initial trimming of the lines would 
also be simplified. 

There are a number of difficulties which would have to be overcome 
in implementing this compensation system. One potential problem is 
associated with the assumption made in the preceding analysis that there 
is no significant dispersion in the transmission lines over the frequency 
range of interest. If this assumption is not valid, then one cannot assume 
that t(f) = t(f ie), and equation (5.8) must be replaced by 


6. = 2nf elle Wc(F)-e(F)I + Ce) Eee (F DT) 5.11) 
where kK = t(f)-)/t(F,) is a measure of the dispersion in the cable. It 
is clear from (5.11) that dispersion will tend to increase the r.ms. 
phase errors, but the increase is not serious provided that k does not 
exceed 0.01 or so. Judging from the discussion of dispersion in Sec.3.3.4, 
this criterion can probably be met by standard coaxial cables such as 
RG-62A/U. 

Another possible source of problems is IM distortion in the 
second mixer due to products generated by the test signal. The test 
signal-to-noise ratio must be quite high if the compensator loop is to 
achieve low phase errors, so that we are injecting a relatively strong 
signal into the FDM spectrum. The choice of 7 must be made carefully 
in order to minimize this problem. 

Recently developed continuously-variable analog delay lines using 
the ''bucket-brigade'' concept offer possibilities for delays having lower 
cost and better reproducibility than the lumped-constant type mentioned 


above. Bucket-brigade delay lines can be synthesized from discrete 
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components [79], or integrated on a chip using bipolar [80], MOS [81], 
or charge-coupled device [82] techniques. The major drawback of this 
method for the present application is that it makes use of sampling; the 
delay line consists basically of a series of sample-and-hold units 
forming what might be thought of as an analog shift register. As in a 
digital shift register, the delay time is a function of the clock 
frequency (sampling rate). A filter is needed at the output of the delay 
line to attenuate the unwanted products generated by the sampling 
process, which would otherwise add to the IM problems in the second 
mixer. The filter does not have to be an elaborate one, particularly if 
the sampling rate is well above the minimum (Nyquist rate) of twice the 
highest frequency present in the FDM spectrum; if channel filters are 
included in the FDM system, they would serve the purpose nicely. 

If the FDM system parameters remain as given in Sec. 3.3.1, then 


the Nyquist rate would be in the neighborhood of 6 MHz. It would be 


preferable to use a sampling rate of at least 10 MHz to keep the sampling 


sidebands well separated from the original spectrum. For n bucket-brigade 


stages, the delay line provides a delay variation of [79]: 


raya Lent lag jue eh coy (5.12) 
2f (min) q 


where f (min) = minimum sampling rate used (not the theoretical minimum) 


a F. (max)/f . (min) 
For example, if we had n= 5, f (min) = 10 MHz, and F _ (max) = 10.5 MHz, 
then the delay would be variable from 238 ns to 250 ns, thus providing 


the 12 ns range called for in equation (5.2). The system is obviously 


very flexible, with the delay range adjustable simply by changing the 
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frequency range of the voltage-controlled clock oscillator. The present 
maximum frequency of operation is of the order of 5 MHz for MOS and 20 
MHz for charge-coupled devices [83], while bipolar bucket-brigades have 
been built [80] which operate at 30 MHz or more. Much of the research in 
the field of bucket-brigade electronics has concentrated on overcoming 
problems such as incomplete charge transfer [84] whose effects manifest 
themselves when the number of stages is very large, but these limitations 
should be of little concern in this application since only a smal] 
number of stages is needed. Other aspects of the devices such as noise 
figure would have to be investigated more closely due to the low level 
of signals involved. 

In summary, the phase compensation system described appears to be 
feasible, its chief disadvantage being that its use is limited to the 
transmission lines. The design of the system is such that it could be 
omitted in the initial phase of array operation and added at a later 
date if it is felt to be needed. An amplitude compensation system based 
on the same concept could be developed if the disparity in cable 
attenuation-temperature coefficients proves to be larger than anticipated. 
Neither type of compensation system seems promising as a basis for an 


automatic FDM equalization scheme. 


5.1.2 Discontinuous Compensation Systems 


A more ambitious compensation scheme utilizing a test signal in 
the center of the radio telescope's passband has some distinct 
advantages over the system just described. More of the transmission and 
signal processing circuitry can be included in the compensation loop, 


and a continuously-variable delay line is not required. The phase and 


Te Pate w et! 


sneteng on 
OS brs 20M 707 - ap papeiept 
aved zabepird-sexoud se ih em . 
ni doveszs add to, fauM .ovem 10 sHN Og je s1er290 doin [08] atud azed 
onimoariaye no beteysneano> asf eoinorasele sbagind-sedaud te bifold od, a 
pestinam efostts szorw [AB] 1stene1d sered> sYolqmonni a6 doue,emeldong, 
snolistini! seeds aud ,ppvel yey) el epet2 to! edna oft met zeviegmend: 
ligma 6 yino sonte qolssotiqgé, zin3 al. areonoo offall 10 ad Biugte ” 
seion 26 dave 290lveb afd To egasq2s 1990 aan 2} gegs22 Yo redmin, 
Laval wol avy os sub yisenfa Siom|Bavepl2eavhi sduod aved biuow etuplt, 
-baviovnl, elanele ta 
od of etesqgs bedixoedb meray noidsaneqmes seat srt .smmue Al io 54 
siz of batimif et sau ati aera pnisd spetrsybee tb tsina et] ,oldizeet . i 
ad bluos +] 601 dove ef moteye srt Yo abiesh oA? -2enil noleeimensy? 
rete! 6 48 bebbs bns noisevago Yeris to Seedg felaiml eft qi boagimg | 
beasd mateye noiseensqnos sbutifqme nA ,bebsen od oF tig? el at Di etab, | 
sides ni ytivegetb ont i baqofsveb sd blyoa Iqeano> emse oftno 
.bateqiaiins asdt wets! sd ol esvolg 2ansizitteea stusereqmes -nol36unsd36 7 
ns 10? 2hasd 6 26 pnizimorq amgse meveaye nolssenogmos to eqy3 rersienk 
yomado2 noitesileups M04 ai3amosus 


ai Isopie teed & anisif tty simorine nolswenagmna.2vot sida, grem A 
“saniteib shoe eer bnedezen etaypoesies oiber ort 0 rpamen ad 

brie soizetmens2 eft to sxaH .bedliseqh saul Meare anid seve sORRINEYD® 
doo! poldsensqnos ott ci bebylanl ad nso yzivotie gaizassorg tangle 
POE ae 


162 


amplitude equalization needed for the FDM system can also be provided by 
such a scheme. On the other hand, continuous operation of this type of 
compensation system is not possible, and one must therefore deal with 
the complications arising from periodic interruptions in observations. 
Since each channel is compensated separately, the system is a rather 
complex one. 

One possible compensation system is outlined in Fig. 5.3. As 
usual, only two FDM channels are shown for clarity. This system is 
similar in some respects to one described by Smith [85] intended for 
coherent feeding of widely-spaced antennas; however, in the latter 
system the antenna output and the LO signal share the same transmission 
path, no amplitude compensation is included, and no multiplexing of 
antenna outputs is involved. 

The operation of the compensation system is as follows: A test 
signal at the center frequency of the array is generated by an oscillator 
at the observatory and distributed to the array elements by means of a 
distribution system similar to those used for the LO signals. The test 
signal is coupled into the remote electronics in place of the antenna 
output, and it is picked off after transmission at a point preceding the 
beam-forming circuitry. The phase shift of the intervening path is 
compared to a reference phase shift, and the phase of the LO signal at 
the second mixer is adjusted until the two become equal. A similar 
feedback scheme standardizes the channel gain by setting a variable 
attenuator. 

The switching needed in the compensation system would likely be 
provided by diode switches, although electromechanical devices are also 


a possibility, particularly if a lightning protection system (Sec. 2.5) 


- Bi 
rie ee oH 


te a site tia cei pallet te 0 comarisz 6 dow 
fs iw bead ota?steds! seem sno bie .eidlezeg 260 Hs 
-enotasvasede fi andl tqueysami ibotiog nord ontaine enolteoitqnoa! at 
veisey «21 meseve ais .ylapavsgge Bosmensqnos et) (Saneioirome eoat® 
8  enopeatigmeg 
2A .£.2 .p13 di benibtuo al wadeye noltezmeqmos aldiezog an yy” 
2) majeye <ldT .ythielas to? qwoe sve 2fannerts MO? ow? yIno ,Isveu 
+o} babnetni [28] daim? yd Sedinaesb snd oF etosqes) smoz ni refimie 
jseitel afd ni .wsvewed saitaletailatasemiieiniils to gnibes? ansiaron 
noleezimensts sme2 ody suede [sapie OJ eft bas duqsuo ennezns edd meszy2 


to onixsiqia iam on bre joshutant 2| noi tseneqmos aburiiqne on +disq 
| .beviovnl 2) e?uqiuo sansins - 
jeat A :2zwolfot es 2} modeye nottsensqnoa adz To noitetego eit 6° 

note(tiszo ne yd basersnsp 7) yeT1S ons te yansupst? asines and a6 Tengte . 
s to-2nsem yd ednamsis yatta oft Ot bodedixzelb bas yiorsvisedo sii 36 a 
t294 ody .elangl2 0 si? 107 beay seory 02 yelimie mezeye nolaudiigeth 
cnestna si) Yo s6\q of 2otnorgeste siomay ‘et otal belquos: et Lengte 7 
sit pnibsosva dnfog e 46 doleelmansrt 180% to bed>lq ef at-bne yauq7o: 
2 riteq pninevistnt oi to Phide;seedq sdT .yIstuotla pnimrot-meod- . : 
a6 fenpte OJ sd to seerq odd bme , 17 ine seedq sonststsy 6 O37 ae os 
rel imiz A .feupe smossd ows OA EO AE, 
stdsinsv 6 gnitiee Hide enetn enema T EE a 


4 2 36 \ 
abe 


163 


uol}zesuedwoy) epnzi,dwy pue sseyg snonu!zUOdsS!q YI!M wo3sAks Wd4 €°¢ ‘B14 


ee ee 


a 6 8 Tahg SS 3 waziqvnoa 
Les: JONL | 1dWv 
, ERE 
Pe} 
0) 
"950 
L41HS 3SWHd 1sal 
i at 
a> L__ 1 YOLWANALLY 
) ITaV IVA 
Ke 47 8 | 'UaL4IHS 3SVHd 
| aS FTEVINVA 
Paar) me elOljatag@ wants : 
Seat alten 3SVHd 007 
a0 ys 
a 07 
L-—4 YOLVYVdWOI 


| | 
iL  20NL1 dW 


be 
OS dd 
YSXIW YydlL did 
LNdNI 


Abie v~t Gc Rye he ONE 


im oon aie his knee 
ea 


—_ > 


—— Swe ie eae i 


EDM 2AS Kew micP DpecougjuNone -pSZ6 SUq ywh)) TNGe CoubEeLEsTEyoU 


Kye 2°3 


is incorporated into the switching arrangement. The time spent in 
compensation mode'' depends on the response times of the phase- and 
amplitude-control loops; since the changes needed will be small, the 
compensation period will probably be of the order of a second or less, 
so that the reduction in observation time would be negligible provided 
that the compensation is not performed too frequently. It is important 
that the phase shifters and attenuators have memory, allowing them to 
hold the values reached during compensation mode until the next 
compensation period. 

lt should be noted at this point that the LO signal at the second 
mixer could be produced by a voltage-controlled oscillator (VCO) rather 
than derived from the first LO via a phase shifter as shown in Fig. 5.3. 
We would then have a phase-locked loop configuration known as a 
translation loop [86]. If the loop filter is of second order, the loop 
will have frequency memory; that is, the VCO will tend to remain at the 
locked frequency when the input signal is removed, by virtue of the 
charge stored in the integrator. However, due to voltage offsets and 
other imperfections in the phase detector and integrator, the VCO will 
slowly be driven away from its initial frequency. Because of this drift, 
the interval between compensation periods would have to be kept very 
small. A phase shifter operated by some type of servomechanism which 
latched between compensation periods would probably provide superior 
performance. From the standpoint of changes in the transmission system, 
the interval could likely be several minutes, but the limitations in 
memory of the devices could prove to be the limiting factor. 

Output from the test oscillator may have to be reduced during 


"observation mode'' in order that radiation and switch leakage do not 


bne -sactiq 64? Yo camis senoqzey sits ‘no ebnagab “sbom a : 
ary tome ed Miw babsen eepnetto ont aie plead 
22a jo baosse 6 To sabio eid Yo se widedong (is 


bebiverq el dig tigen’ adi biuew galz” noisevreado nt nolzoubsy a 


fnesvoqmt 21 41 .y¥fineupss? ood bemidtraq Jon ek nol 
os mort privolls ,yiomem sven 2107 6UNSTIe bis 2183 TI de seer edt tert 


ixeh ont [Tay sbom noTysensqnos eninub berose1 zsulsv ars blod © 


-bolnsq nolseeneqmos 

bnons2 ond 36 Ienpie OJ oni tent Inlog 2ifg 26 baton od biuore 31 
asritar (09V) toteTT Tazo bel fowsros-sestiov 6 yd baouboig sd blues tsxim 
£.2 079 ot nwode es ts7Tide ore e piv OJ sev? hel mor? bev li9b nent 
5 26 nord noitetup lInoo goof pedo! -s2ariq 6 sved nedz blvow oW 
qool aft ,19b10 broose to el vail 17 qoo! saa tI . [88] goo! wo Veet 0079 
eft ts fismen oF based [fiw ov sd, 2) tend ;yvomen yonsups7? oved if tw 
ay Yo suariv yd ,bevemes ef Tsaple auqnt ons nsdw yonsupei? bexlsol 


bas efaztio spetiov of sub ,1svawol rorsipstni efi nl bsvos2 sete. 


iliw O9V sda ,zots7pegni bas votosteb seefq |i ni enoisoe?19qmi 1stijo 
(2? inb 2indtd Yo seusae8 yonsupe? fel¢in) 271 mor? yews neviab sd -yiwole 
ytav zqod sd of ever biuow 2bol1sq noi seeneqmo> nsswied fevisinl sit 


do idw metnadSemoviee Yo adyt smoe ye bevsssqo tss7ide ezerq A «Teme 
soitsque sbiverg yidedorq blvow zbolisq nolteensqmos nsewied berloiss — 


maveve nolevimanesd oft mi zagasrdo Yo tniagbasie 943 mo14 -sonemotysq 
ai anolsesimi! afta sud veanagin ions agiyrontt bi ues levresni eds 
Heaps ealsinit eat o¢ oF pvera ‘bluo seolvet aft Yo yionam 

cea dor om seu at Yh ts on 2 


result in a detectable signal in the receiver. There will undoubtedly be 
technical problems to be overcome in connection with the switching, such 
as transient suppression, but none of these are seen to be insurmountable. 
To estimate the phase excitation errors which will occur when a 
compensation system of this type is employed, we return to the estimates 
of Table 4.1. There are several sources of phase error which are not 
included in the compensation; in this category are IM crosstalk, inter- 
channel crosstalk, and the beam-forming circuitry. For other sources, 
such as transmission line reflections and inter-cable crosstalk, the 
compensation is correct only at the center frequency of the channel. 
It may be possible to lower the errors in the beam-forming system from 
the previously-estimated values since this system is now relieved of the 
task of providing FDM phase equalization, but no reduction will be 
assumed here. The r.m.s. phase error within the compensation system 
should be about 0.2°, resulting mainly from errors in the test signal 
distribution system. Using this value and the estimates of Table 4.1 for 


the uncompensated error sources, the overall phase error estimate becomes 


6 = 0.6° Ce) 


lt must be kept in mind that those error sources which were excluded 
from the original estimates (i.e., positional errors, mutual coupling, 
and various unforeseen sources of small errors) take on even greater 
significance here, and this estimate should thus be treated with caution. 
It has not yet been shown that the phase compensator performs 
adequately over the full bandwidth being transmitted. It is likely that 


the compensation will become less effective with increasing departure 
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from the center frequency, and we must ascertain whether this will 
significantly affect the estimate of (5.13). The total phase shift in a 
given channel is made up of f requency-dependent terms such as those 
resulting from the filters and transmission lines, plus terms which are 
independent of frequency (due to LO phase at the mixers). It is the 
frequency-dependent phase shifts which concern us here. 

We begin by examining the action of the compensator for changes 
in the transmission lines, ignoring for the moment the other sources of 
phase shift in the channel. In a particular channel whose transmission 
line is identified in the following by the subscript 1, the total phase 


shift at the center of the IF passband i may be expressed as 


e; = anf ity, + Ady; | iGradians) (5.14) 


where T,. 
Vj 


at = the remainder of the channel phase shift, including the 


the phase delay of the line at i 


variable phase shift of the compensator 


The action of the compensator is to adjust ae such that 


o,.= 6 (5.15) 


where os is the standard phase shift as shown in Fig. 5.3. Similarly, in 
a second channel transmitted at i over a cable having phase delay To,at 


this frequency, we have a phase shift of 


Pie anf toy +, 1A, wet aay, (5.16) 
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®2k 
Let us now examine the situation at the frequency las + Af, which 


corresponds to “5 - Af and f, - Af in the first and second channels, 


k 

respectively. Assuming that Af is sufficiently small that the phase 

delay at Sa - Af does not differ appreciably from the delay at f., the 
4) 


phase shift in the first channel at f a gAf is 


6 j{F - Af) 


1j an(f - Af)t 


igre i 


(5.17) 
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A similar expression applies to the second channel. The difference in 


phase shift between the two channels is 


Ad 1015 F; swAf) tones plE tomaAG)| 


| (5.18) 


2mAf | to) = a 
If we assume for the moment that the delays in (5.18) have the same mean 
value tT and r.m.s. value cre independent of channel frequency, the 


r.m.s. phase error at fi 4 + Af is given by 


= ia Zale 
Seriom w2nAfil (te 2) (rsd (5.9) 
Comparing this expression to the r.m.s. phase error for uncompensated 

cables given in equation (5.4), we see that (5.19) is identical to the 


latter except for a reduction in magnitude by the factor Af/f\-. 
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The dominant cause of random delay differences is the spread in 
phase-temperature coefficient Ee amongst the cables. In Sec. 2.4.4, the 


uncompensated error from this source was estimated at Ae = 0.72f,,° 


Ss 
for RG-62A/U cable near the extremes of the temperature range; in the 
case of compensation, the error is eliminated at the center frequency 


and, according to (5.19), it is reduced to 


as = 0.72Af degrees (5.20) 
at the frequency ip + Af, where Af is da ee in MegaHertz. At the 
extremes of the maximum bandwidth of 200 KHz we have Af = 0.1, which 
corresponds to an r.m.s. error, from (5.20), of 0.07°. The error is 
proportionately smaller as the center frequency is aps tbaateds It is 
clear that the compensator will do an adequate job of reducing the phase 
errors resulting from transmission line temperature changes even when 
the full bandwidth is considered, and no change in the error estimate of 
(Sia lia)e tiis eca'iliediafior. 

In the preceding analysis, the assumption was made that the cable 
delay is independent of frequency. While this assumption is fairly 
reasonable for the small frequency changes Af which we are considering 
within a channel, there may be sufficient dispersion present to 
invalidate the assumption for the larger inter-channel differences. The 
phase equalization needed to combat dispersion (see Sec. 3.3.4) is not 
fully provided by the compensation system, and delay differences between 
channels of 0.1% (about 13 ns) will give rise to band-edge phase 
discrepancies of the order of 0.5°, according to (5.18). The solution 


would be to insert a fixed delay of 
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into each channel with Fie = 


center frequency, corresponding to the maximum delay. Whether this 


Cj=2 536 oon): f, is the lowest channel 


expedient will be necessary depends on the results of dispersion 
measurements to be made on the cable after allocation of the channel 
frequencies. If the delay differences due to dispersion are reduced to 
the order of a few nanoseconds, then no significant deterioration in 
phase excitation should result. 

The area in which the compensation system will be least effective 
is in the bandpass filters. The phase shift changes over the bandwidth 
will not be simply a constant phase offset or a change in slope of the 
phase characteristic. Although the compensator would likely provide some 
measure of error reduction in most instances, the amount of reduction is 
highly dependent on the nature of the changes. If, for example, the 
phase changes resulted from a shift in overall filter response to a 


slightly different center frequency, then virtually complete compensation 


is provided by a constant phase shift if the filter's phase characteristic 


is approximately linear. On the other hand, if the changes appear at the 
band edges but not at the center frequency, the compensator wi] pain to 
provide any error reduction. The actual performance will lie somewhere 
between these two extremes. Suppose we choose a conservative estimate of 
25% reduction of phase errors (r.m.s.) in the bandpass filters; then, 
using the estimates of Table 4.1, the estimate of (5.13) for overall 


phase error in the compensated array is 


6 Ebi Ohl pe (5.22) 
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One remaining component of the transmission system which has not 
yet been considered is the amplitude equalization network (Sec. 3.3.5). 
This is basically a highpass filter, but it will not have an abrupt 
attenuation characteristic, and its phase slope will likewise be quite 
gentle. The change in phase shift over an IF passband will probably be 
only a few degrees; in contrast, the four-stage Butterworth input filter 
has a phase shift which varies from -180° to +180° over its 3 dB 
bandwidth. The equalization network does not appear to pose any problems 
in regard to the effectiveness of the phase compensator. 

The amplitude compensation portion of the compensator shown in 
Fig. 5.3 is perhaps of less importance than the phase compensation, but 
it would nevertheless be very useful. In particular, it would supplement 
the amplitude equalizer, making it adaptive to small changes in the 
channel gains. If the test signal distribution een is similar to the 
one described previously for LO distribution, the r.m.s. amplitude error 
within the compensation system would be expected to be about 0.05 dB. 
Like the phase compensator, the amplitude compensator becomes less 
effective as the bandwidth increases, and this estimate may thus be 
overly optimistic. Again it is the filters which are most problematic; 
however, the amplitude changes may prove to be more amenable than phase 
changes to compensation at a single frequency. For instance, one change 
expected in the input filter is a variation in insertion loss caused by 
the dependence of inductor Q factor on temperature. This change is 
uniform over the passband and the compensation will hence be fully 
effective. If the r.m.s. amplitude errors in the filters are assumed to 
be reduced to approximately one-half of their estimated values with no 


compensation, and the other errors in the compensator are estimated at 
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5.8 x 103 (0.05 dB), then the estimate of Table 4.1 for overall r.m.s. 


amplitude error becomes 


A = 0.014 (hn h®) (5.23) 


This error is dominated by the r.m.s. error in the beam-forming 
circuitry, which was previously estimated at 1.2%; if this figure can 
be improved upon in practice, the reduction of amplitude error level to 
less than that given by (5.23) may be possible. 

On the basis of this preliminary analysis, a discontinuous 
compensation system would seem to be a highly useful adjunct to the 
array feeder system. There do not appear to be any insurmountable 
obstacles to implementing such a system, but experimental work will be 
needed to confirm the feasibility of the design and to study the 
technical problems involved. It may seem odd that the overall phase 
error reduction provided by this more elaborate compensator is apparently 
not a great deal better than for the continuous compensator of the 
previous section. The fact that the phase error estimates differ only 
slightly may be attributable in part to more pessimistic error estimates 
in the case of the discontinuous compensator, but the major reason is 
again the dominance of the beam-forming circuitry as a source of error. 

There is another distinction between the two compensator systems 
which should be kept in mind. Many of the original error estimates of 
Chapter 4 were made with the proviso that calibration procedures be 
carried out frequently enough to maintain the error levels given. Since 
the continuous compensator includes only the transmission lines, the 


requirement for these procedures still remains insofar as the other 
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components are concerned. The discontinuous system, on the other hand, 
includes many of these components, notably the remote electronics; the 
need for frequent recalibration is thereby reduced or eliminated in 
these cases. In other words, the discontinuous compensator is superior 
in terms of maintaining a low level of excitation errors over a 
substantial period of time without demanding large amounts of time and 
labor on the part of the operators. This aspect of maintainability is of 
the utmost importance; because of it, a compensation system would 
definitely be an asset even if it provided no reduction in excitation 
errors. One further advantage of the discontinuous compensator is that 
it eliminates the need for having the same LO phase, or at least a known 
phase, at each first mixer. The requirements on LO amplitude uniformity 
can also be eased somewhat, but large departures from the nominal 
conversion gain are not acceptable. The LO distribution system must have 
good short-term phase and amplitude stability, but it is no longer 
necessary to carefully choose the coupling points and adjust attenuators 
in order to get suitable LO signals. Of course, the previous 
specifications demanded of the LO system are now transferred to the test 
signal distribution system, but there is only one of these, compared to 
the m LO distribution systems needed for m-channel FDM transmission. In 
this respect, as well as its abilities in the area of equalization 
mentioned earlier, the existence of a discontinuous compensation system 


would make FDM transmission a considerably more attractive proposition. 
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5.2 The Effects of Excitation Errors on Sidelobe Levels 


Up to this point, no attempt has been made to relate the 


excitation errors to the antenna pattern produced, nor has the pattern 


needed to fulfil the astronomical objectives of the array been explicitly 


stated in terms of sidelobe levels. The reason for this omission is that 
complete answers to these questions are not yet available, and much work 
remains to be done in these areas. Some studies of the effects of errors 
on the patterns of the individual component arrays have been carried out 
[5], but the pattern of the Tee configuration after correlation has yet 
to be examined. As mentioned in Sec. 1.3.2, some criteria concerning the 
necessary r.m.s. sidelobe level have been formulated [2], but they have 
not been related to the particular power pattern of the Tee array. The 
intention of this section is to make a brief statistical study of the 
effects of excitation errors on certain sectors of the Tee pattern, in 
the hope of gaining some insight into the effect on the array pattern in 


general of errors of the magnitudes estimated in the preceding work. 


5.2.1 Sidelobe Levels Off the Array Planes 


We begin by considering the component arrays separately, under 
the assumption that they are rectangular arrays (no physical tapering) 
with Gaussian electrical tapering (to 6% in voltage at the extreme ends 
relative to the intersection of the Tee) on the long dimensions and no 
tapering on the short dimensions. The level of the sidelobes in the 
no-error patterns of these arrays has been shown to be of the order of 
-85 dB in directions which are well away from the fan beams [5]. If 


excitation errors are now introduced, the sidelobe levels will rise. 
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The field intensity v in a particular direction now becomes a random 
variable which is described statistically by a modified Rayleigh 

probability density function (p.d.f.) given by [87]: 

2 
) 


p(v) = (29/05) a pueaae v Py | ,(2av/o°) (5.24) 


where a = the field intensity of the no-error pattern in that direction 


ee 

x 

tl 
tl 


modified Bessel function of the first kind of order zero 


rie : ; 
and the parameter o is related to the excitation errors by 


7M 2 2 2 2 2 
B= [bing) #5 img) Ie E(dpq) I/CE oq) (5.25) 
P»q P»q 
where en = r.m.s. fractional amplitude error 
ee = r.m.s. phase error, radians 
Sh = voltage weighting of the array element whose position is 


denoted by the indices (p,q) 

The factor multiplying the sum of the mean-square errors in equation 
(5.25) has been computed to be 1/905 for the east-west array and 1/1150 
for the north-south array, assuming the use of the Gaussian electrical 
tapering as described at the beginning of this section. 

For that part of the array pattern where the contribution of the 
errors to the field intensity predominates (Ga >> eae equation (5.24) 
can be simplified. Since IO) =| for small sarguments, theip.dat. of 


(5.24) approaches the Rayleigh p.d.f.: 


p(v) = (2v/0*) exp(-v“/o") (5.26) 
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’ The power pattern of the Tee array after cross-correlation is 
equal to the product of the voltage patterns of the component arrays, 
so that if the north-south and east-west arrays have normalized field 
intensities in a given direction of vy and Vo respectively, then the 


normalized power pattern of the Tee has the value W = ViYo in this 
direction. In directions where the statistical patterns of the two 
arrays are dominant (i.e., away from the array planes), Vv) and Vo may 
be considered to be independent random variables described by the p.d.f. 
of equation (5.26). The statistics of the Tee power pattern for these 


directions can thus be described by the p.d.f. of the product random 


variable W [88]: 


+Foo 
p(W) = f {[p(v,)p(W/v,)]/|v,| tv, 


pee 
J {[p(v,)p(W/v,)I/v, Fav, (5.27) 
0 


since p(v) = 0 for v < 0. To simplify the analysis, we shall assume that 
p(v,) = p(v,), ignoring the difference in we for the two arrays. 


Substituting for p(v,) and p(W/v ,) from (5.26) into (5.27), we get 


p(W) = (4W/o")f expt (-W/o") [ (v4 /W)+(W/v4) ]} (dv,/v)) 
0 


(5.28) 


If we make the substitution u = log. (v5 /W) , this becomes 


+00 
p(W) = (2W/o") f exp[(-2W/6~) (cosh u) ]du 
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One p(W) = (uW/o") f expe Wios) (cosh u) J du (5.29) 
0 
Using the relation [89] 
K (x) = f exp[-x(cosh u) ]du (5.30) 
0 


where K(x) is the modified Bessel function of the second kind of order 
zero, we can write (5.29) in the form 
rs h 2 
p(W) = (4W/o")K_(2W/o") (5.31) 
This p.d.f. is shown graphically in Fig. 5.4; its shape is not unlike 
that of the Rayleigh p.d.f. of equation (5.26). Since the mean value of 
the Rayleigh-distributed random variables v, and v, is vn (o/2), the mean 


] Z 


sidelobe level is 
W= vv, = to /4 (5.32) 


lt is important to realize that this is not an average sidelobe level 
over the power pattern; it is rather an ensemble average for many 
identical Tee arrays with the same r.m.s. excitation error levels. It is 
valid for the directions in which the statistical patterns of the 
component arrays dominate the no-error patterns, which results in a 
relatively uniform sidelobe level for these directions. 

A more enlightening function than the p.d.f. is the distribution 
function P[W>W] giving the probability that a given sidelobe level Wo 


will be exceeded: 
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oO 


J p(w) dW 


W 
fo) 


P[W>W J 


(4/o") f WIK (2W/o*) Jaw 
W 


oO 


‘| zK \(z) dz (5533) 


Zz 
ce) 


where z = W/o" and Zea W/o”. The integral in (5.33) can be evaluated 


from tables [90], yielding the relation 
BW We le Zeke hz) = (2W /07) K, (2W/o°) (5.34) 


where K, (x) = the modified Bessel function of the second kind of order one. 
The distribution function in equation (5.34) is shown in Fig. 5.4 

for two cases; one is for the excitation error levels estimated in 

Chapter 4 (Table 4.1), and the other is for the reduced error levels 

resulting from the addition of a discontinuous compensation system, as 

estimated in Sec. 5.1.2. The value of a as defined by equation (5.25), 


was approximated by [(a_ )*4(8_)*1/10°, which falls nearly midway 


ms 
between the values computed for the two component arrays. 

Some of the salient features of the probability distribution just 
derived are summarized in Table 5.1. It can be seen from (5.32) that the 
compensator should give an average reduction in sidelobe level off the 
array planes of about 5 dB. Judging from preliminary studies of the Tee 
array pattern needed to fulfil certain astronomical objectives [2] and 
from the specifications placed on other arrays such as the Molonglo 


Cross [10], the proposed array will probably require a sidelobe level of 


-60 dB or better in these directions. To be reasonably confident, say 
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TABLE 5.1 Predicted Sidelobe Levels With and Without Compensation 
Feeder 
System 


Sidelobe Level (dB) Far from Array Planes 


Most Probable 


99% 
Confidence 
2 2 
(=0. 30°) (#=2.90°) 
Uncompensated | 11.2 x 107 oS apse) 
(Table 4.1) 
With 
IN 
Compensator 3.4 x 10 
(Sec. 5. 142) 
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90%, that this level is achieved, one must have r.m.s. excitation errors 
no greater than about 1° in phase and 2% in amplitude. The use of the 
compensator would significantly improve the chances of achieving or 


bettering the -60 dB level. 


5.2.2 Sidelobe Levels In the Array Planes 


We now consider those portions of the component array patterns 
in which the no-error pattern is dominant (eo >> cay This leads to 
another simplification of the general p.d.f. of equation (5.24). Using 


the asymptotic expression 

| (x) + e*/v2anx (5.35) 
for large x, we find that (5.24) approaches 

p(v) = (1/ovn) exp[-(v-a) 7/07] (5.36) 


This is the p.d.f. for a Gaussian (normal) distribution oa mean a and 
standard deviation o/V2. In directions where the no-error pattern is 
very much larger than the statistical contribution, this p.d.f. 
approaches the Dirac delta function, and the approximation v = a can be 
made. This is the case for most of the fan beam response of a component 
array. The sidelobe level for a particular zenith angle 6 in the array 
plane of array #1 (north-south) can hence be given, except for very 


small and very large angles, as 


W(e) = v,a,(e) (5.37) 
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where aie the statistical sidelobe level at large angles for array #1, 
as described by equation (5.26) 
a, (8) = no-error sidelobe level in the fan beam of array #2 at zenith 
angle 86 
The sidelobe level in the other array plane can be similarly described 
by W = Voay- The mainbeam of the Tee array is assumed to be aimed in the 
direction of the zenith. To find the normalized fan beam response a, (0), 
we make use of equation (1.1): 
sin[nd.N. (sin 6) ] 


ai) moweeeeeal ike dances (5.38) 
N.sin[nd, (sin 8) ] 


where N. = the number of elements across the short dimension of array #i 


(alk 
It 


the spacing of these elements, wavelengths 


The distribution function for Vv; is found by integrating the p.d.f. 


P[v.>vJ] = a Cyc = exp (-v2/0%) (5.39) 
fe) 

To illustrate the use of equation (5.37), suppose we are interested in 
a particular direction in the north-south array plane for which the 
east-west array fan beam has a relative field intensity of -20 dB, or 
ay = 0.1. We wish to predict the sidelobe level of the Tee array in this 
direction; this is not possible, but we can state the probability that a 
given level will not be exceeded. If, for example, we choose to find the 
sidelobe level which we can be 95% certain of not exceeding, we set 
Plv.>vol = 0.05 in (5.39) and find that Vv, = 1-730;. Recalling from Sec. 


a 2 2 abe: 2 
502 le tha tee) = [(A. ) a) 1/1150, and substituting v, = 1.730, 
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Lon? pe tle (-38 dB) 
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for the error estimates in the case of no compensation. In a similar 
fashion, one could estimate worst-case array plane response by choosing 
a suitable confidence level, finding the corresponding field intensity 


from (5.39), and multiplying the appropriate fan beam response from 


(5.38) by this field intensity. In connection with (5.38), the tentative 


parameter values for the proposed array are Ny = 8, qd, = 5/8 (north- 


a4, d, (= 1/2 (east-west array). 


The analysis of this and the preceding section applies only to 


south array), and N, 
certain parts of the Tee array pattern; furthermore, the effects of 
making changes in the basic array structure, such as the removal of 
elements for physical tapering, cannot be deduced from these results. 
Despite these limitations, however, the results are indicative of how 
well the array can be expected to perform, and they will perhaps serve 


as a stimulus for further study in this important area. 


5.3 Decorrelation and Delay Error Compensation 


In a two-element correlation interferometer, the response in the 
direction of a given source is maximized by arranging that the antenna 
output signals resulting from this source are completely correlated at 


the detector input. If only a single frequency te is received, the 
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correlation coefficient for the two signals is simply 


faa ecocec ies (5.40) 


where t is the time delay between the arrivals at the two antennas of 
the wavefront from the source. To achieve unity correlation, a phase 
shift of $ = anf ot radians must be inserted into the transmission line 
of the antenna nearest the source, assuming that the transmission lines . 
are of equal length. 

lf we now accept a rectangular bandwidth B centered on 1s the 
correlation coefficient departs from unity at frequencies other than Lae 


and it is now given by 


y(t) = cose oy (t= re (5.41) 


for a given frequency f within the band. The overall correlation 


coefficient is obtained by integrating (5.41) over the bandwidth: 


f 
Z ; 
y (B) = +f y(f)df = 2 = sinc TB (5.42) 
iF 
1 


where Fy = i - B/2 and fn = i + B/2. The loss in sensitivity which 
results from y(B) falling below unity is known as a decorrelation loss. 
For unity correlation in this case, a time delay t must be inserted into 
the appropriate transmission line. 

In an instrument such as the proposed Tee array which is operated 


as a cross-correlation phased array, all of the element outputs within 


a component array are phase shifted and summed before correlation takes 
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place; the output voltage of the north-south array, for example, could 


be expressed in the form 


Volt) = 2 ova, (t) (5.43) 
a,b 


where V op 6) = voltage output from element (a,b) after phasing, due to 


a point source in a given direction 


D4 weighting of element (a,b) set by the grading function 


Similarly, the east-west array has an output of 
yet) = 2 Sea" wee) (5.44) 


The correlator performs the function of multiplying the array outputs, 
followed by time averaging (integration) of the product. The output of 


the correlator can thus be expressed as 
Vst=~ Veet) Ven (t) 


‘ ) Gee ab ea 
a,bsc5d 


ae qeabecd” abed | (5.45) 
> > > 


where the coefficient ve. 88 is, *frome(5542)); 


)B (5.46) 


sinc (At 


Yabcd 7 abcd 


At is the time difference in arrival at the correlator of the outputs 


abcd 
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from elements (a,b) and (c,d) corresponding to the same wavefront from 
the source. Ideally, all of the correlation coefficients given by (5.46) 
will be unity; if they are not, the correlator output ve will be reduced 
from the maximum possible value by the factor 


A s qpab2cd” abed 
Y= wet ah dl oie hae in (5.47) 


) 
a.b-esd 2 <4 

This coefficient, which is a function of bandwidth and source direction, 
indicates how the sensitivity of the radio telescope is reduced by the 
delay errors Laie: ( Without delay compensation, the array will have 
perfect correlation only for sources at the zenith (assuming an ideal 
feeder system having no delay errors). The coefficient of equation (5.47) 
is plotted in Fig. 5.6 as a function of bandwidth for the proposed Tee 
configuration. The delay errors were assumed to be solely a function of 
source direction and element position, and to simplify the computation 
the elements were partitioned into groups of 32 (four north-south by 
eight east-west), the arrival time of a wavefront being assumed to be 
the same for all members of a given group. It can be seen that the 
decorrelation loss becomes quite large, except in the case of directions 
near the zenith or very small bandwidths. 

The problem of delay errors is more serious than it appears from 
the standpoint of loss of sensitivity. A delay error of the type under 
discussion is actually a systematic phase excitation error which appears 
when one attempts to scan away from the zenith. The error is zero at 
midband and linear across the bandwidth, and, unlike the phase errors 
discussed previously, it is entirely predictable. The delay error 


actually manifests itself as an amplitude error; as can be seen from 
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equation (5.45), the coefficient yeh has the effect of making the 
element weightings a function of source direction, which will result in 
changes in the array pattern as it is scanned. For this reason, it is 
customary (see [3], for example) to require that the r.m.s. value of 
ened be maintained at a value of 0.99 or greater. For the maximum 


bandwidth of 200 KHz, the delay difference corresponding to this value 


Pspecronel ado), 


AT bed = 0.39 us (5.48) 


To estimate the accuracy with which the compensating delays must 
be set, Suppose that each element output passes through a delay which 
can be varied in steps of 6t. The errors which appear due to this 
quantization have a uniform distribution from -ét/2 to +é1/2. The delay 


difference At between the outputs of elements (a,b) and (c,d) after 


abcd 


compensation will be the difference between the quantization errors for 


these elements. The probability distribution for At is found by 


abcd 
assuming these errors to be independent and convolving the uniform p.d.f. 
with itself; the result is a Simpson (triangular) distribution [88], 


whose p.d.f. is given by 


At + 6t 
RTT mele =O SaAT eae 
(St) 
p(At) = 
ge eamalaag 
eee for 04s Am ase6t (5.49) 
2 
(St) 
where AT bed has been abbreviated as At. The mean-square delay difference 


is then found to be 
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+6T 


(at)? = f (at)*p(at)d(at) = (6t)7/6 (5.50) 


=I0\e 


and the r.m.s. delay difference is 
(At) = 6t/vo (535i) 


Substituting the value for At found in equation (5.48) for Sy eaee 


abcd 
in (5.51), we find that the maximum step size in the compensating delays 


for an r.m.s. correlation coefficient of 0.99 is 
6t(max) = 0.96 us (5.52) 


for a bandwidth of 200 KHz. The actual delay step size will depend on 
the frequency at which the delays will operate; this will likely be the 
center frequency ie Since it is desirable that the delay settings not 
interact with those of the phase shifters in the beam-forming network, 
the delay step size should be an integral multiple of eA (80.9 ns). 
Placement of the compensating time delays in the transmission 
system would be feasible only if the multiple beams of the array were 
very closely spaced. Since we do not wish to place such a limitation on 
the flexibility of the array, at least a portion of the delays must be 
inserted within the beam-forming process, as was done in the Molonglo 
Cross delay compensation system [11]. Because the delays are so 
intimately connected with the beam-forming circuitry, they were not 
considered separately in the excitation error estimates of Chapter 4. It 


is possible, in fact, that variable delays rather than phase shifters 


could be used for beam formation. This possibility is practicable only if 
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the beam-forming network operates at fo otherwise, the delays do not 
provide the phase shifts needed to scan the response of the array. The 
matter of beam formation is a complex one and will not be considered 
further here. Various methods of implementing variable delays were 
discussed in -Séc.e5. lic |: 

The range of compensating delays required for the array is a 
function of its size and the maximum angles from the zenith that the 
beam will be scanned. These angles were given in Sec. 1.3.2. For the 
east-west array, the maximum zenith angle will be about 30°, which 
corresponds to a delay gradient over the length of the array (5 km) of 
about 8.3 us. For the north-south array, the maximum angle will be 
about 67°, resulting in a gradient of 7.7 us across this array. This is 
for beaming south of the zenith; the northern zenith angle need only be 
38° to reach the north celestial pole, which gives a delay gradient of 
5.1] us in the opposite sense. 

One possible system for organizing the compensating delays is to 
insert a fixed delay of 7.7 us for the elements near the center of the 
Tee. Then the extreme northern elements of the north-south array would 
require delays variable from zero to 12.8 ys, and the elements at the 
ends of the east-west array would require delays variable from 3.5 to 
11.9 ps. The delay range needed for the intermediate elements decreases 


proportionately as the center of the Tee is approached. 
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CHAPTER 6 


SUMMARY AND CONCLUSIONS 


The work of the preceding chapters obviously does not represent 
a complete feeder system design; numerous questions remain to be 
answered concerning the Tee array configuration and the type of signal 
processing to be done, and the ultimate design will be contingent on 
the results of further studies in these areas. Nevertheless, a basic 
framework has been developed, around which the array design can take 
shape as new information becomes available. Some potential pitfalls, 
and methods of avoiding them, have been pointed out. In summary, the 
following are some of the more important conclusions which have been 
reached regarding the feeder system design: 

(1) The basic feeder configuration should consist of independent 
feedlines of equal length (approximately 2.5 km). The number of lines 
needed is N/mn, where N is the total number of elements, m is the 
number of FDM channels per line, and n is the subarray size. From 
considerations of cost, attenuation, and phase stability, RG-62A/U 
appears to be the best available coaxial transmission line for use in 
the feeder system. 

(2) Frequency conversion before transmission offers a number of 
advantages over direct transmission at 12 MHz, including lower 
attenuation, smaller phase errors, and the possibility of using FDM. 
The most suitable range for IF transmission is approximately 1-4 MHz. 
The limits on this range are quite flexible; the upper limit is roughly 


equal to the frequency at which the cable attenuation equals the gain 
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of the remote electronics. The LO signal needed for frequency 
conversion can be accurately distributed by means of the Swarup and 
Yang technique. 

(3) Frequency-division multiplexing appears to be the only 
practicable method of transmitting several independent signals on a 
single transmission line. The implementation of FDM becomes quite simple 
if channel filters preceding the second mixers can be shown to be 
unnecessary. At present, a system of 4 to 6 channels is envisioned, 
with spacing between channel centers of about 0.5 MHz. A larger number 
of channels is conceivable, depending upon the outcome of investigations 
concerning IM crosstalk and automatic compensator systems. 

(4) The r.m.s. excitation errors in the array (without automatic 
compensators) have been estimated at 1.5° in phase and 2.1% in 
amplitude. These values are based upon the supposition that a large 
amount of day-to-day maintenance and readjustment will be carried out. 
The r.m.s. errors can be reduced to an estimated 0.7° and 1.4% by the 
use of phase and amplitude compensation in the feeder system. The 
numbers involved are somewhat questionable; a more realistic statement 
regarding the feeder system excitation errors is that they likely can 
be reduced to the point where they are dominated by the other sources 
of error (notably the beam-forming system, mutual coupling of the array 
elements, and positional errors). 

(5) A phase and amplitude compensation system is a necessity if 
accurate array excitation is to be maintained without expending an 
enormous number of man-hours re-trimming the transmission lines, 
adjusting attenuators, and so forth. A compensator such as the one 


described in Sec. 5.1.2 is preferred, since it encompasses virtually 
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all system components from antenna element to beam-forming network. It 
also simplifies the implementation of FDM by providing automatic 
equalization and by making LO distribution less difficult. 

(6) The probability of achieving sidelobe levels of the order of 
-60 dB or better at angles far from the array planes appears to be 
quite high, especially if the discontinuous compensator is in use. It 
has not yet been ascertained whether the overall antenna pattern is 


adequate under these circumstances. 


To consolidate these results and make the array design more 
definite, further studies are needed in a number of areas. Among them 
are: 

(1) A detailed study of the Tee array radiation pattern, 
including the effects of mutual coupling, excitation errors, physical 
tapering, and subarrays, is required. The excitation error levels, 
subarray size, and other parameters must be related to their effects 
on the pattern, and decisions must then be made concerning the 
specifications needed to fulfill the astronomical objectives of the 
array. 

(2) Other aspects of the antenna design such as the construction 
of the elements and their supports must be investigated. It has been 
shown that rather tight tolerances must be placed on element locations 
and orientations if positional errors are to be kept small with respect 
to electrical errors. Protection of the array from lightning damage is 
another important facet of the antenna design which demands further 


study. 


(3) A thorough survey of beam-forming techniques must be carried 
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out to determine which is best suited to the proposed array. A number 
of interesting possibilities have been suggested, including the use of 
digital signal processing and the use of variable delays rather than 
phase shifters to scan the beams. Operation as a correlation array with 
electrooptical processing is another possibility. 

(4) Experimental work on the proposed FDM system is needed to 
test its feasibility. In particular, IM crosstalk and the need for 
channel filters must be evaluated as suggested in Sec. 3.3.2. 

(5) Experimental work on phase and amplitude compensator designs 
is required. The discontinuous nature of the more complex design of 
sec. Sala Eee number of problems in the areas of switching, 
construction of a variable phase shifter with memory, and so on. 

(6) Some questions concerning cable characteristics which have 
been raised in this work should be resolved by measurements. The 
spacing needed between cables to prevent significant inter-cable 
crosstalk levels must be determined. Phase delay measurements over the 
IF range must be made to determine whether small compensating delays 
are needed in the channels to combat dispersion. 

(7) A good deal of work remains to be done in the area of 
electronics design, particularly in the remote units. The proposed 
eighth-order Butterworth input filter and other filter configurations 
should be studied with regard to their reproducibility and thermal 
stability. Other areas for further work include gain stability and IM 
performance of the mixers, design of the amplitude equalizer, and a 
general study of measurement and adjustment techniques by which the 
electronic components can be matched in phase and amplitude 


characteristics. 
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